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Abstract 
A manometric apparatus for the measurement of adsorption 
isotherms has been designed, built, tested alongside with an 
experimental method and used to study the adsorption of carbon 
dioxide on a small number of porous materials including a 
commercial silica Crosfield EP10, which is commonly used in 
research and industry, and zinc oxide catalysts supported on this 
material. Unfortunately the manometric apparatus and experimental 
method failed to provide adsorption measurements at supercritical 
pressures. 
Hydrogenation of carbon dioxide has been studied with a flow 
reactor rig optimised for high-pressure work: its salient components 
are a commercial supercritical pump providing the CO2 feed and a 
70 MPa backpressure regulator. The reactant feed is 10% H2 in CO2 
with 300 and 600 NmL/min flowrates; pressure is in the 7.5 - 15.0 
MPa range and temperature in the packed bed is 225 °C; a 
gascromatograph connected to the reactor with trace-heated lines is 
used to analyse the output gas stream. The reactor has been loaded 
with a conventional packed bed of water-gas shift reaction catalyst 
(Katalco YAD746974 0.25-0.5 mm, diluted with SiC) obtaining the 
expected carbon monoxide, methanol and small amounts of heavier 
oxygenated compounds: acetic acid and methyl acetate. This is 
probably a result of the relatively long residence times combined 
with a high carbon dioxide pressure. In these conditions, external 
mass transfer controls the rate of carbon monoxide production. The 
reactor has also been loaded with a ceramic rod coated with the 
same catalyst (ground to a particle size of 38 - 75 vim and diluted 
with <5 µm zirconia powder), and with this setup, at the same 
pressures, flowrate and 200 °C at the top of the reactor tube, the 
rate of carbon monoxide production appears to be controlled by 
particle activity rather than mass transfer, allowing to calculate the 
surface reaction rate. 
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Chapter 1: Introduction 
1.1 Sources and sinks of carbon dioxide 
Carbon dioxide is the gaseous product of complete oxidation of 
carbon. Carbon dioxide occurs naturally with atmospheric 
concentration -370 ppm at present (against -280 ppm before the 
Industrial Revolution). 
Its main sources are decay of organic matter, biological 
processes (respiration), volcanic activity, combustion of fossil fuels 
and cement production. 
The main carbon sinks, in turn, are growth of vegetation, 
deposition of sedimentary rocks (as calcium and other carbonates) 
from oceans and other water bodies and entrapment of organic 
matter in sediments (in million years, this entrapped organic matter 
will probably convert into more fossil fuels). 
Large amounts of carbon are stored at any time on land in 
plants and soil, in the atmosphere and particularly in the oceans. 
These mechanisms constitute the carbon cycle [1], and 
maintain the atmospheric concentration of CO2 roughly constant on 
short timescales. On a geological scale, however, the atmospheric 
concentration of carbon dioxide has varied amply, being both 
sensibly lower and higher than now. 
The two-way fluxes of carbon between land, atmosphere and 
sea are estimated at 210.1012 ton of carbon per year (for the 1980s); 
human activities only release 5.4.1012 tonC/yr in the atmosphere. 
However, this relatively small amount appears to perturb the natural 
cycle, causing an increase of atmospheric concentration of CO2. This 
upward trend had apparently started with the Industrial Revolution 
and became more pronounced with the economic growth following 
World War II. 
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1.1.1 Environmental relevance of CO2 
Carbon dioxide belongs to the family of "greenhouse gases", 
substances that absorb energy in the infrared and visible regions of 
the spectrum and re-emit it at a longer wavelength. The 
consequences of this phenomenon are heating of the Earth surface 
and lower atmosphere. The main greenhouse gas is, however water 
vapour; the contribution of CO2 is 24 - 26% [2]. It should be noticed 
that natural greenhouse effect contributes to keep Earth's surface at 
a mild 16 °C average temperature. 
The Anthropogenic Global Warming (AGW) hypothesis states 
that anthropogenic increase of atmospheric carbon dioxide will 
result in a rise of the average Earth's surface temperature through 
greenhouse effect, which will in turn have nefarious consequences 
[3] for human civilization and ecosystems. Among those predicted, 
there are increase of sea levels with consequent submersion of vast 
coastal areas and exacerbation of extreme meteorological 
phenomena. The most famous evidence presented to support the 
AGW hypothesis is the chart by Mann et al. [4], which apparently 
shows a steep temperature increase in the later 20th century. 
However, this hypothesis has come under severe criticism from 
various fronts. The data and methods used by Mann et al. to 
reconstruct past temperature history have been questioned [5], while 
large variability in the mean temperature at the hemisphere level 
has been observed [6]. Solar activity and orbital parameters have a 
sensible influence on Earth's climate as well [7]. Finally, the models 
used to predict the climate response to increased concentration of 
CO2 appear ill-fitted to the actual atmospheric dynamics [8] and the 
predictions of different simulations vary wildly [9], Figure 1.1.1, for 
the same carbon dioxide increase. There is also historical evidence 
that warmer conditions do favour agriculture and general progress 
on a global scale. 
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Fig. 1.1.1 - Warming predictions for different types of climate models. 
Reprinted from [9]. 
While the increment of carbon dioxide concentration in the 
atmosphere is a measurable fact, its effects on Earth's climate and 
in turn on human civilization and natural ecosystems are still not 
completely known. 
1.1.2 Geo-political relevance of fossil fuels 
While coal deposits have roughly the same distribution of the 
most developed areas (and it is the availability of this fuel that 
allowed for industrial development initially), the geographical 
distribution of oil and gas fields does not match their consumers. 
For this reason, enormous amounts [10] of oil and gas are 
transported every year around the world by pipelines and tanker 
ships. 
The transportation of oil poses risk to the environment (as 
demonstrated by the catastrophic accidents involving crude 
tankers); moreover, "throttling" of oil and gas production and threats 
to disrupt or shut down their delivery can be used to exert 
significant political pressure on the consumer countries. Control of 
the oilfields and shipping routes is also a reason for international 
tension and strategic manoeuvring [11]. 
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As a response, a considerable part of the public opinion of 
developed countries is now pushing for policies and strategies 
oriented to reduce dependence on imported oil and gas in order to 
improve energy security. Some of such requests have been 
incorporated in the Advanced Energy Initiative of the USA [12] and 
in the policies of other countries. 
1.2 Mitigating carbon dioxide and energy scenarios 
1.2.1 Chemical Conversion 
As explained above, two major contemporary policy lines are 
the reduction of CO2 emissions to prevent anthropogenic global 
warming - even if human emissions are likely to have only a 
secondary role - and the development of processes for the 
production of fuels and energy that do not depend on imported oil or 
natural gas. These objectives must also be accomplished without a 
significant reduction of living standards in developed country, and 
allowing for an improvement of living standards in developing ones. 
Chemical conversion of carbon dioxide has potential 
importance for both mitigation [13] and novel energy scenarios: 
• Its conversion to more valuable and permanent 
chemicals (e.g. monomers) will reduce atmospheric 
emissions 
• Usable fuels can be produced from off-gases of certain 
processes that would otherwise go wasted. 
• Through gasification, a variety of feedstocks - tars, low-
grade coals and cokes, biomass and waste polymers -
can be converted into more valuable chemicals. A 
number of gas-to-liquid (GTL) plants are being built and 
coming online in different parts of the world [14, 15]. 
• In situ, underground gasification followed by direct gas-
to-liquid conversion could consent a more thorough 
exploitation of oil fields and coal mines and possibly the 
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exploitation of resources not economical with traditional 
methods. 
- However, recycling of carbon dioxide through chemical routes 
suffers from an important limitation [16]: reduction of carbon 
dioxide to products other than methane is endothermic, and is best 
performed with hydrogen. If the required heat and hydrogen are 
produced with conventional means, the whole process can result in 
a net production of CO2. Regarding the manufacture of hydrogen, 
recent developments are steam reformers with better energy 
efficiency, reduced size and cost. State-of-the-art steam reformers 
operate very close to the theoretical efficiency of 2.81 Mcal/Nm3 H2 
[17]. Alternative routes are to derive the required energy from solar 
or nuclear sources, which emit a minimal amount of CO2. Using 
solar energy to produce chemical fuels - to be used in closed or 
open-loop cycles - will also help to overcome the intermittent nature 
of solar energy and its uneven geographical distribution. 
1.2.2 Sorption, capture and sequestration 
Atmospheric emissions of carbon dioxide, especially from power 
stations, can be reduced also by capturing this gas and storing it 
under pressure in suitable geological formations such as coal seams, 
depleted oilfields and deep aquifers. CO2 can be captured from flue 
gases using absorption or adsorption processes [18], then 
compressed and injected in the chosen repository. However, more 
efficient processes use pre-combustion carbon capture for "clean 
coal" applications: in one solution, coal is initially gasified with 
oxygen and steam to produce syngas from which CO2 is extracted 
using a physical process and sent to storage; the remaining 
hydrogen is then fed to a combined cycle producing electricity and 
heat. Another design proposed by ZECA Corporation [19] performs 
coal gasification with steam and hydrogen, yielding methane and 
CO2 in an exothermic reaction. This mixture is then steam-reformed 
in presence of CaO that captures carbon dioxide as carbonate; 
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hydrogen thus produced feeds a SOFC for electricity production; its 
excess heat permits the calcinations of CaCO3 to obtain a stream of 
pure CO2 and regenerate CaO. This carbon dioxide can be finally 
mineralized by reaction with magnesium silicates. This process is 
very interesting due to its high efficiency and low emissions, but it 
meets with serious technical difficulties to its practical realization. 
Water-gas shift and steam-methane reformation reactions are 
thermodynamically controlled and thus cannot reach high 
conversions and neither yield pure gaseous hydrogen without 
further purification treatments. The SERP (sorption-enhanced 
reaction process) technique [20] uses an appropriate CO2 adsorbent 
(hydrotalcite) mixed with SMR catalyst to sequestrate carbon 
dioxide, resulting in methane conversion >80% at the moderate 
temperature of 450 °C, and a high-purity stream of product 
hydrogen. The adsorbent can be also regenerated using a reactor 
setup similar to that of PSA units. 
1.3 Scope of the research 
This study arises from the scenario outlined above and is 
intended to investigate heterogeneous catalysis in supercritical 
carbon dioxide, especially regarding its hydrogenation. The research 
work is thus divided in two initial main parts: 
1 - Measure adsorption isotherms for a variety of substrates. 
These data can be applied in the design of systems for the 
separation/purification of carbon dioxide streams. To accomplish 
this task, it is necessary to build a manometric adsorption 
instrument, and to develop a suitable experimental method. 
2 - Study the effect of pressure and supercritical conditions on 
the heterogeneous hydrogenation of CO2, with particular regard to 
reaction rates, mass transfer issues and products distribution: 
supercritical conditions are thought to facilitate the formation of 
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heavier oxygenate products. Also this task requires the construction 
of a reactor rig appropriate for high pressure experiments and 
effluent analysis. 
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Chapter 2: Overview of Carbon Dioxide 
2.1 General properties and phase equilibria 
Carbon dioxide is a permanent gas, denser than air. 
Formula: 	 CO2, O=C=O 
Molecular mass (M): 	44.01 g/mol 
Boiling point (Tb, 1 bar): 	194.6 K 
Critical Constants 
7', 	 304.2 K 
Pc 7.38 MPa 
Enthalpy of formation 
4f1/0 (298 K, gas) 	-393.51 kJ/mol 
Free energy of formation 
AfG9 (298 K, gas) 	-394.36 kJ/mol 
Symmetry group: Dnoh 
CO2 is produced by complete oxidation of carbon and is a 
thermodynamically stable substance. The properties of pure carbon 
dioxide are well known and adequately described by dedicated 
equations of state developed during time, like the Peng-Robinson 
[21], Morrison-McLinden, Soave-Reidlich-Kwong [22-24] and Span-
Wagner equations of state (EOS). The liquid-vapour saturation curve 
of CO2 and its density at selected conditions are shown below. 
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Fig. 2.1.1 - Part of the CO2 state diagram. 
Table 2.1.1 - Selected density values of CO2 
Pressure, 
MPa 
Temperature, 	Density, 
°C 	mmol/mL 
0.1 0 (STP) 0.0443 
(1 bar) 25 (RT) 0.0405 
100 0.0323 
0 21.370 (1)a 
5.0 25 2.983 
100 1.833 
7.38 31.04 8.695 (pc)b 
0 22.133 (1) 
10.0 25 18.578 (1) 
100 4.285 
a - Liquid phase; b - critical density 
All these EOSs usually show a sufficient to good agreement 
with experimental data in a broad range of pressure and 
temperature, but are less satisfactory in the critical region. 
A case apart is represented by the SW EOS, which is highly 
accurate even in the critical region; this equation of state has been 
used to produce the data in Table and Figure 2.1.1. A more detailed 
discussion of the different equations of state is in Chapter 3. 
Nevertheless, the Peng-Robinson EOS is probably the most 
Liquid 
Supercritical 
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commonly used to describe bi- and multicomponent systems with 
supercritical carbon dioxide. 
A considerable amount of papers regarding the general 
characteristics [25] and phase equilibria of systems containing CO2  
is available, reflecting the ever-growing importance of carbon dioxide 
as a solvent for various uses; among them the extraction of natural 
substances from plants. Dense and scCO2 are very promising in this 
field, because the process can be carried out at low temperatures, 
thus preventing the degradation of heat-sensitive compounds [26]. 
Supercritical carbon dioxide extraction is also useful to extract toxic 
substances from foodstuffs for analysis [27]. 
The methanol-0O2 system has been studied extensively due to 
its usefulness in SFC and SFE [28], where methanol is used as a 
modifier to tune the solvent properties of scCO2. The He-CO2 system, 
on the other hand, has been examined because its unusual 
behaviour can adversely affect SFC and SFE [29, 30]: these works 
have demonstrated that Helium is soluble in liquid carbon dioxide, 
and even a small concentration of this element can dramatically 
reduce the density of the supercritical phase and its solvating power. 
Phase separation has been observed in some cases. 
The CO2-water system has been examined in detail more than 
sixty years ago[31, 32] with the determination of CO2 solubility in 
water for a wide range of pressures[33]; more recently spectroscopic 
studies[34] and simulations[35] have been performed for this 
mixture. One of the conclusions reached is that water is an 
attractive solute (Section 2.2). 
Other works deal with solubility and phase equilibria (in scCO2) 
of organic compounds like fatty acid esters and polymers [36, 37]. 
These experiments have been carried out in special high-pressure 
systems like variable-volume view cells, which permit a very fine 
control of pressure and the visual observation of the mixture. These 
cells consist of a heavy-walled chamber with a mobile piston, a 
sapphire observation window and sampling ports. 
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Binary and multicomponent systems were studied to locate 
their critical points using view flow-cells and acoustic cells [38, 39]. 
Acoustic cells consist of an elongated chamber equipped with an 
ultrasound transmitter at one end and a receiver at the other; an 
electronic device is used to measure the transit time of sound across 
the cell: at the critical point, the transit time is longest. View flow 
cells are sapphire cells built to let the fluid phase flow at constant 
pressure while observing the liquid-gas separation surface, which 
will disappear at the critical point. Even the challenging task of 
describing binary, ternary and multicomponent systems by the 
means of state equations has been undertaken [40, 41]. Also 
reactive systems, have been studied, with particular attention to the 
changes in the critical properties with variation of the composition 
[42]. The work by Poliakoff et al. also suggests the use of 
hydrofluorocarbons (HFCs) as modifiers for scCO2. Complete reviews 
of the use of supercritical fluids in catalysis, also covering the 
subject of phase equilibria and in-situ monitoring of the reactions, 
are available [43, 44]. 
2.2 Solvent properties 
Supercritical carbon dioxide usually shows the characteristics 
of a non-polar solvent, but with some striking differences. The first 
is that solvating properties of scCO2 can be controlled with modest 
changes in temperature and pressure. These changes in 
thermodynamic conditions will in fact cause variations of density, 
and in turn of all the density-related properties, such as dielectric 
constant and viscosity. The density of a supercritical fluid ranges 
from gas-like (-10 kg/m3) to liquid-like (-103 kg/ m3) values; most 
interesting is the behaviour of solutes in the intermediate density 
regimes [45]. 
A supercritical fluid (especially near the critical temperature) 
can be described as an inhomogeneous medium, with dynamic 
regions of high density and low density (compared to the bulk 
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density), which have dimensions of several molecular diameters. On 
this basis, solutes can be classified as attractive solutes, which 
induce a localized density enhancement around the solute 
molecules. The other class of solutes are repulsive solutes, which in 
turn induce a depletion of the average local density of solvent, also 
called cavitation. The presence of an attractive solute will also 
increase the bulk density, while a repulsive solute will decrease it. 
All those fine effects, however, decrease in importance with 
temperature, and disappear at Tr = 1.10 in most of the cases. 
Carbon dioxide can also form Lewis acid-Lewis base complexes 
with some solutes, like amines and carbonyl groups [46]. The 
nucleophilic attack of the aminic nitrogen on the carbon atom of CO2 
is in fact the first stage in the cyclisation reaction of acetylenic 
amines [47]. 
The carbon dioxide-acetaldehyde complex, however, has a 
different and more unusual structure: from Raman spectroscopic 
observations and quantum mechanics calculations [46], it has been 
concluded that the aldehydic proton is involved in a hydrogen bond 
with the CO2 oxygen atom. The complex has the structure drawn in 
Figure 1. 
Fig.2.2.1 - The Acetaldehyde-0O2 complex. 
From Blatchford et al.[46.1 
The same paper also presents evidence for the possibility of a weak 
hydrogen bond involving one hydrogen atom on the a-carbon (e.g. 
the methyl group of an acetate ester). 
Alcohols like methanol tend to form aggregates by a network of 
hydrogen bonds: data from molecular dynamics simulations [48] 
17 
and 13C NMR studies [49] confirmed that, at least at low 
concentrations (mole fraction <0.15), most of the methanol 
molecules can be found in clusters and oligomers, while the 
participation of CO2 in this network of hydrogen bonds is minimal. 
Methanol enhances the solvating power of supercritical carbon 
dioxide increasing both its polarity and local density. 
2.3 Mass and heat transfer, thermodynamics and kinetics 
Near the critical point (Pr z 1-2; Tr z 1.0-1.1), the physical 
properties of supercritical fluids are in between those of gases and 
liquids: in particular, while the density is more liquid-like, the 
viscosity and diffusion coefficients are definitely gas-like [43]. This, 
together with the absence of interphases, results in great 
enhancement of mass transfer in supercritical fluids compared to 
liquid systems. For the same reasons, also heat transfer is 
enhanced. The density of the supercritical phase is inversely 
proportional to a function of temperature, thus these effects become 
less marked at higher temperatures: for CO2 at 10 MPa, the density 
at Tr = 1.15 is -1/2 of the density at Tr = 1.05 [23]. 
If a chemical reaction causes a volume decrease (as in the 
classical case of ammonia synthesis), it is well known that a 
pressure increase will enhance the equilibrium constant. Since 
supercritical conditions require high pressures, the effect on 
equilibrium constant can be very important. 
Pressure can also exert a direct effect on the rate constant, 
according to the transition-state theory: the formation of the 
activated state is a chemical reaction, and its rate constant is 
pressure-dependant [50]. If the activation volumes, AO, is negative, 
the rate constant will increase with pressure. This effect though is 
small: for a typical high-pressure reaction in liquid phase, a 
Change in molar volume associated with the formation of the activated complex. 
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pressure increase of 100 MPa will accelerate or retard (when A is 
positive) the reaction of a factor 3.5. 
2.4 Adsorption of supercritical carbon dioxide 
Measuring accurate adsorption isotherms at high pressure is a 
task hindered by a number of practical difficulties and the study of 
surface species and reactions requires very low gas pressures; for 
these reasons the adsorption of carbon dioxide at high pressures is 
not very well known. 
Adsorption of scCO2 has been measured and modelled on silica 
gel [51], activated carbon [52, 53], and coal [54, 55] - where 
important structural modifications of the substrate have been 
observed. The main feature of all these isotherms is the presence of 
maxima (Fig. 2.4.1) or plateaus, which move to higher pressure and 
lower adsorbed amount with increasing pressure: this behaviour is 
consistent with the Gibbsian adsorption model (Section 3.1). 
Scarce data are available for the adsorption of carbon dioxide 
on metallic copper and supported-copper catalysts at high pressure. 
Clara Wain and Professor James Anderson of Aberdeen University 
have recorded the infrared spectra of CO2 on silica-supported copper 
in presence of small amounts of water (Figure 2.4.2. 
Fig. 2.4.1 - CO2 isotherms on Norit Rl. • 25 °C; 0 40 °C; ❑  55 °C; 
A70 °C. Solid lines: correlation. Reprinted from Ustinov et al.[52] 
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Fig. 2.4.2 - Interaction of CO2 and water with silica 
The technique employed does not allow the precise determination of 
surface species; this spectrum seems to support the conclusion that 
there are only weak interactions between the CO2 molecules and the 
silica surface. 
Tripp and Combes observed an interesting phenomenon: scCO2  
(or better, dense CO2) is capable of extracting water from humid 
silica [56]. Using a special high-pressure transmission IR cell, they 
monitored the water bands and discovered that after 2 - 3 extraction 
cycles with CO2 at 25 °C and 200 bar (p--917 kg m-3), humid silica 
samples were perfectly dry. At 50 °C, extraction of water becomes 
significant for pressures above 6.7 MPa and increases with pressure. 
Only a minimal amount of carbon dioxide remained adsorbed on 
silica after depressurisation, and spectral evidence suggests that 
CO2 is only weakly physisorbed on this substrate. Combes et al. 
readily applied this discovery to the improvement of the sylanization 
of silica [57]: drying the silica ad performing the sylanization in 
scCO2 gives better results than the use of conventional drying 
techniques and non-aqueous solvents. In particular, the competing 
reactions of hydrolysis and polymerisation of the organosilanes are 
minimized, and solvent removal is accomplished simply by 
depressurisation. 
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Ding and Alpay 1581 determined the adsorption equilibria and 
kinetics of CO2 on hydrotalcite at the conditions encountered in the 
separation-enhanced methane steam reforming process and CO2 
recovery from flue gases. It was discovered that strong 
chemisorption occurs initially, followed by weaker physisorption. 
Water vapour increases both the saturation capacity and durability 
of this adsorbent. 
2.5 Multi-component systems 
The PR EOS cited above takes the form 
P = f(T, vm, a, b) 
Where a and b are two substance-specific parameters; moreover, a is 
temperature dependant. Mixtures are treated substituting into the 
equation the mix parameters am and bm, which are calculated from 
those of the pure substances using appropriate mixing rules. Peng 
and Robinson proposed the mixing rules for a system with i 
components: 
am = 	 (2.5.1) 
bm = 	x,b, 	 (2.5.2) 
where x are mole fractions and the combining rule used is 
alb_(1 - 	/ 2 ajl / 2 
	
(2.5.3) 
8 is denominated binary interaction coefficient and is usually 
determined by fitting to experimental data such as critical or 
saturation curves. Other and more refined combining rules have 
been proposed subsequently [40, 41] allowing to perform more 
accurate calculations for systems of practical interest containing 
alkanes and refrigerants. 
The critical point constitutes an inflexion point in the P-V curve 
and it is calculated by resolving the simultaneous equations: 
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r ,0 a, 
_Q2 D 
	 = 0 av2 
(2.5.4) 
2.6 The Carbon Dioxide-Hydrogen and Carbon Dioxide-Methanol 
systems 
The CO2-H2 system, which is considered in this work, has not 
received much attention up to these days: only a 1981 paper by 
Tsang and Streett [59] describes in detail the liquid-vapour equilibria 
(LVE) and critical points of this system (there are also older works of 
not very great interest). A more recent paper by Bezahnetak et al. 
[60] fails to improve Tsang's LVE data, but gives density 
measurements for the liquid phase. The critical points of the CO2-H2 
mixture are summarized in Table 2.5.1. 
Table 2.6.1 - Carbon Dioxide - Hydrogen 
Critical Properties 
K 	Pc, MPa mol%(H2) 
235 191.8 64.0 
237 162.2 62.7 
245 114.6 59.4 
250 94.3 56.3 
260 66.1 52.8 
270 46.5 46.5 
280 32.8 38.9 
290 20.9 26.75 
The critical pressure is 	a function of the hydrogen 
concentration, and rises above 20 MPa for less than 30 mol% H2: 
this poses an important practical limit on the maximum hydrogen 
concentration we can use in this study, because both commercial 
components characteristics and safety regulations make 
increasingly difficult to work with pressures above 20 - 25 MPa. 
More data were reported by Poliakoff [61]. 
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2.6.1 Modelling the H2-0O2 system 
The PR EOS can be used to calculate the density and critical 
points for this fluid mixture; the Peng-Robinson parameters are: 
H2 (1) 	 CO2 (2) 
a 	0.029308-(1.8148 - 0.1234-T°5)2 
	
0.39632.(1 .7080 - 0.040592-T°5)2 
b 0.000138 0.2667-104  
To be substituted into the equations: 
RT 	am P  (2.6.6) 
(2.6.7) 
v - 	v2 + 2bm v - bm 2 
am = x1 a1 + x1x2-a12 + x,2- a2 
a12 = (1 - k) (a1•a2)1 /2  (2.6.8) 
= xibi + x2b2 (2.6.9) 
k is the binary interaction parameter; its value for xi < 0.21 is 0.154 
[42]. Resolving the two simultaneous equations, as in (2.5.4), it is 
possible to determine Pc,T, for each composition of the fluid phase. 
However, it was not possible to resolve the above equations; 
results were inconsistent and physically meaningless. The Pc-x 
critical curve was then determined empirically by fitting an 
exponential function to the data of Table 2.6.1 obtaining 
Pc = 7.38. e4.0009x(H2) 
	
(2.6.10) 
R2 = 0.9959 
in the 0 < xi < 0.528 interval. The critical temperature remains below 
20 °C for all compositions and is thus immaterial. 
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2.6.2 Carbon Dioxide-Methanol 
This fluid mixture has been studied extensively due to its 
usefulness in chromatography and a s solvent for other applications. 
The work of Bezahnetak et a/460] deals with the liquid-vapour 
equilibria (LVE) of this system, its liquid phase density and the 
volume expansion of methanol caused by the addition of CO2. It also 
provides an extensive bibliography on the subject. Suzuki et al.[62, 
63] studied a number of bicomponent mixtures beside CO2-MeOH 
and a complex 10-component system as it can be encountered 
during the synthesis of higher alcohols from syngas. 
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Fig.2.6.1 - LVE equilibrium for a CO2-MeOH system. 
mole fractions of CO2 in liquid and vapour phase 
0, 278.15 K; 0, 288.15 K; •, 298.15 K; A, 308.15 K. 
From Bezahnetak et al., 2002 
2.7 Chemistry and uses of CO2 
The surface chemistry of carbon dioxide on copper at low 
pressures is well known [64]. On metals, carbon dioxide can adsorb 
with its axis parallel or perpendicular to the surface; the molecule 
can also assume a bent (V) shape, and interact with the surface 
through either the 0 or C atoms. There are evidences [65] of 
adsorption of bent CO2 with one C-O bond to the surface. On 
copper, the reactivity changes from one crystallographic face to the 
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other, and usually surfaces show an appreciable dissociative 
adsorption only above 400 K and several kPa [66]. 
Neutral carbon dioxide, however, is physisorbed at very low 
temperatures and desorbed between 86 and 90 K. Surface defects 
enhance the reactivity, and thus stepped faces and cold-deposited 
clean copper films chemisorb CO2 as CO26-, which is in turn 
desorbed at -112 K. On certain, stepped, faces dissociation of CO2 to 
CO and oxygen occurs in the range 95 - 150 K. Most of these data 
come from experiments in high vacuum. 
The presence of alkali metals (K and Cs) on the copper 
substrate (both cold-deposited films and single crystal faces) 
enhances the chemisorption process. Neutral CO2 is desorbed at 
higher temperature, 100 - 150 K depending from the nature of the 
surface; upon further heating the surface bent species CO26- reacts 
with itself or another CO2 molecule forming [67] CO3n- and even 
oxalate, together with CO. 
Total desorption/decomposition of these species occurs at 
-500 K. Krause et al point out that the surface carbonate on K/ Cu 
shows great similarities with K2CO3. The reactive surface species 
formed in the conditions mentioned above can react with hydrogen 
[64, 65] with the formation of adsorbed formate, although in high 
vacuum only a small amount of formate will be produced. 
There is much more about surface chemistry of carbon dioxide 
on copper, but the essential facts have been outlined. Now our 
attention will be devoted mainly to the methanol synthesis reaction. 
2.7.1 Methanol synthesis from CO/ CO2 and H2 
The synthesis of methanol proceeds according to the overall 
equations [68]: 
CO2 + 3H2 Cu/ZnO   	+ H2O  CH3OH  (2.7.1) 
AH293 = -41.2 kJ/mol; A G298 = 3.30 kJ/mol 
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CO + 2H2 	CH3OH 	 (2.7.2) 
AI/298 = -91.0 kJ/mol; A G298 = -25.34 kJ/mol 
Direct manufacture of methanol from hydrogen and CO (as 
syngas) assumed industrial importance in the 1920's when BASF 
introduced the first high-pressure (up to 370 bar) process using a 
zinc oxide/ chromia catalyst. The basic catalyst remained unchanged 
since ICI in 1966 introduced a copper-zinc oxide-alumina catalyst 
and a low-pressure methanol synthesis process, which nowadays 
completely dominates methanol production. A detailed and in-depth 
review of methanol synthesis up to 1987 was prepared by Chinchen 
et al. [69] of ICI. 
In the industrial practice, the feed is usually a mixture of CO 
and CO2 in variable proportions. While it is possible to produce 
methanol from both H2/CO and H2/CO2 mixtures, the best results 
come from a ternary feed. The catalyst contains typically 60% - CuO, 
30 % ZnO and 10% A1203 [70]; reaction is usually carried out at 450 
- 550 K, and new catalysts appear very effective at 400 K. Pressure 
in the ICI process is 50 - 100 bar, while more advanced catalysts are 
reported to operate successfully even at 15 - 20 bar. These new 
catalysts can be ultrafine Cu-ZnO/A1203, or Cu-ZnO/SiO2, Cu-
ZnO/Zr02 and others. This process has attracted the attention of 
many research groups in the past few decades, but it is still far from 
being clarified in all of its aspects. 
The points still subject of debate are the actual mechanism and 
its kinetics, the nature of the active sites and the interaction 
between all of the catalysts components. Even the respective roles of 
CO and CO2 are not precisely known, but it is believed that most of 
the carbon in the product methanol comes from CO2, while CO is 
involved in the side water gas shift reaction, consuming water 
produced in Reaction 2.6.1: 
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H2O + CO -> H2 + CO2 	 (2.7.3) 
4G298 = -28.6 kJ/mol 
The combination of the two reactions results in a strong driving 
force, which increases the feed gas conversion. However, it is 
common opinion that both CO2 and CO2 can be hydrogenated to 
methanol, and the predominant reaction depends on the operating 
conditions. The optimal catalyst should have a high surface area 
and ultrafine or nanoparticles as the metal active sites. 
Other groups, especially Nakamura et al. focused their 
research mainly on the mechanism and kinetics of the 
hydrogenation of CO2 on Cu and Cu-ZnO catalysts [71-75]. These 
works demonstrated that Zn enhances greatly the activity of the 
catalyst, probably because the key intermediate formate is formed 
on Cu and then migrates and is hydrogenated on a bimetallic Cu-Zn 
active site. The formate hydrogenation is indeed the rate-limiting 
step of the methanol synthesis, as it is also suggested by the 
simulation work of Hu et al [76](Figure 2.6.1). The Cu-Zn site will 
form spontaneously if the catalyst is prepared by coprecipitation 
from Cu and Zn salts (as it is commonly done), but alloying has been 
reported also for Cu supported on ZnO and physical mixtures of 
Cu/Si02 and ZnO/SiO2 after high and medium temperature 
reduction [75]. 
Nakamura et al. also discovered that Zn/Cu(111) is a good 
model for Cu/ZnO methanol synthesis catalyst in terms of TOF and 
activation energy. Using H2/CO2 = 3 mixture at 18 bar and 523 K 
(flow 100 NmL/min), with a Zn coverage equal to 0.19 [72], the 
maximum TOF was measured as 2.8.10-2 molecules.s-l.site-1, and 
the activation energy was 83.7 6 3.9 kJ/mol, compared to the 69.3 6 
3.6 kJ/mol of the Cu/ZnO powder catalyst. The active states are 
metallic zinc and copper, because no oxygen can be found on 
Zn/Cu(111) (zinc coverage <0.15) by post-reaction analysis. At 
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Fig.2.7.1 - Proposed mechanism for the CO2 hydrogenation on a 
Cu(100) surface; Hu et al. [76]. 
On the other hand, Ostrovskii contends that hydrogenation 
proceeds predominantly on ZnO, while Cu is the location of the 
water gas shift reaction [77], similar to the situation on Cu/Zr02 
[78]. Sahibzada et al. studied the effects of the feed gas composition 
and the products on the methanol synthesis reaction [70]. 
Using the ICI catalyst at 4.5 - 5 MPa in both an internal recycle 
and tubular reactor, it was discovered that the by-product water 
causes a marked (one order of magnitude) reduction in the reaction 
rate, especially high when operating with more than 4% CO2 in the 
feed. This research group suggested that the inhibition mechanism 
could involve the saturation of the surface with carbonate or formate 
groups deriving from the coadsorption of water and carbon dioxide. 
Water may also cause a excessive oxygen coverage of the metal 
surface. 
The two main mechanisms proposed for the CO2 hydrogenation 
can be thus summarized: 
Adsorption and dissociation of hydrogen on copper, with 
subsequent spillover of adsorbed H atoms on the support, 
where it will react with adsorbed carbonate species to form 
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formate and then methoxy group and hydroxyl groups; finally 
methanol and water will desorb from the surface. 
Adsorption of both CO2 and H2 on the metal particles - which 
are probably constituted of a Cu-Zn alloy - with subsequent 
reaction taking similar steps as above. It is also possible that 
the reaction occurs at the interphase between the metal 
particle and the support. 
2.8 Other heterogeneous reactions 
Carbon dioxide can also be used to produce formic acid and its 
derivatives, methylamines, dimethylformamide and other di-alkyl 
amides [78] in heterogeneous catalysis conditions. 
The production of formic acid is interesting because this 
substance is widely used (415 000 ton consumed in 2000 [79]). The 
synthesis of formic acid from CO2 and H2 is moderately exothermic, 
and occurs in a single step without elimination of water or formation 
of sensible quantities of by-products. 
The methylamines production is carried out with CO2, 
ammonia and hydrogen in gas phase on a copper-alumina catalyst 
below 300 °C; this synthetic route shows also an optimal selectivity 
towards the more requested mono- and dimethylamine. 
Dimethylformamide is synthesised from scCO2, hydrogen and 
dimethylamine at ca. 180 bar and 100 °C on hybrid Ruthenium 
complexes/ silica (ligands are mono-dentate phosphines) catalysts 
prepared with sol-gel methods, and even ruthenium-containing 
silica aerogels [78]. This route has shown outstanding performances 
in terms of TOF and selectivity. 
Methyl formate can be produced using the same catalysts in 
different conditions. According to the proposed mechanisms [80], 
carbon dioxide will react with the metal hydrido complex forming 
coordinated formate; this can be hydrogenated to formic acid by 
another coordinated hydride, or by another hydrogen molecule. In 
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the end, formic acid will leave the coordination sphere and the 
hydrido metal complex is restored. 
Fan et al. reported [81] the successful synthesis of methanol at 
low temperature (170 °C) on Cu/ZnO catalyst in ethanol under 30 
bar of H2/CO2 3:1, via the intermediate formation of ethyl formate: 
formic acid is produced by hydrogenation of CO2; it then reacts with 
ethanol to give ethyl formate that is finally hydrogenolised to 
methanol and ethanol. This procedure gives good results, but it is 
carried out in a batch reactor. 
Carbon dioxide can also react with methanol over zirconia or 
ceria/zirconia to yield dimethyl carbonate (DMC) [82, 83]. The cycle 
begins with the dissociative adsorption of methanol and concomitant 
elimination of water [83]. In addition, from IR spectroscopy studies it 
is proposed that C and 0 atoms of CO2 interact with Lewis acid-base 
pair sites Zr4+02-, then CO2 inserts in the O-Zr bond of an adsorbed 
methoxy group. Another methyl group is transferred to the terminal 
0 atom of the MeO-C(0)0-Zr group, liberating DMC and restoring 
the surface hydroxyl group. 
When carried out in a batch reactor [82], this reaction also 
benefits if the by-product water is removed from the reaction system, 
for example by reaction with 2,2-dymethoxy propane. In the IR cell 
used for spectroscopy studies the pressure was approximately 
atmospheric, while the batch reactor worked at 6 MPa and 383 K, 
definitely sub-critical conditions. 
Copper catalysts are also used in the water-gas shift (WGS) and 
reverse water-gas shift (RWGS) reactions [84, 85]. 
WGS  
CO + H2O 	  CO2 + H2 
SINGS 
(2.8.1) 
These reactions are particularly useful to control the H2/C0 ratio in 
a synthesis gas stream, in order to adjust it to the various processes 
in which syngas can be used. Probably the most important 
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application of the WGS reaction is the production of hydrogen for 
ammonia synthesis: in this case, the process is optimised to reduce 
the CO content to the lowest possible level. This -is accomplished by 
a two-stage conversion [85]: the first stage at 400 - 450 °C, 2.5 — 3.5 
MPa on a iron oxide/chromium oxide catalyst; the second stage 
(with a intermediate gas cooling) on Cu/ZnO/A1203 catalyst at the 
same pressure but at 210 - 240 °C. This process will eliminate 
virtually all of CO. 
The mechanism of the R/WGS reaction is similar to that of 
methanol synthesis [86, 87]: superficial formate is a key 
intermediate in both cases, and in fact the RWGS reaction can occur 
also during methanol synthesis. It has been discovered that also 
Raney copper alloyed with Zn and Al is a good catalyst for water-gas 
shift [88] and also methanol synthesis [87]; caustic-leached Raney 
copper shows the best activity. Raney catalysts offer a higher 
mechanical strength than alumina or silica supported catalysts, and 
are reported [87] to be more selective towards methanol. 
Another possible use of the RWGS reaction is to convert CO2, 
(i.e. from a combustion process) to the more reactive CO; this 
process however presupposes the availability of inexpensive 
hydrogen in large quantities. Apparently, these reactions have not 
been studied in supercritical conditions up to date. 
2.9 Other homogeneous reactions 
All the hydrogenation reactions of CO2 on heterogeneous 
catalysts can be also carried out with homogeneous catalysts [89, 
90], in solution or supercritical phase. The catalysts are complexes 
of transition metals like rhodium, ruthenium, platinum and 
palladium with phosphine ligands. There are three basic modes of 
coordination of CO2 to a metal centre: 
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Fig. 2.9.1 - Coordination of CO2 to a mononuclear 
metal centre [90]. 
The actual mechanism, however, does not necessarily involve these 
CO2 complexes; more probably, carbon dioxide inserts in a metal-
ligand bond: 
MX + CO2 --> M-0-CO-X 	 (2.9.1) 
X = H, R, NR2  
Thus, it is possible to produce alkyl formates by hydrogenation of 
CO2 in alcoholic solutions, at pressures from 3 to 10 MPa, 
temperature from 100 to 175 °C [90]. Also methanol can be 
produced, using Ru3C012 in NMP with KI as stabilizer. 
Formamides can be synthetised in similar fashion, with the 
same catalysts, from H2, CO2 and dialkylamines (principally 
dimethylamine) in benzene, hexane or MC; the TOFs are higher than 
in the formate esters case. Hydrogenation of CO2 to formic acid 
derivatives has been reported even in aqueous solution, with the use 
of water-soluble rhodium phosphine complexes [80]. 
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Chapter 3: Adsorption Studies 
A manometric adsorption apparatus was built and the proper 
experimental method was developed in order to measure adsorption 
isotherms of CO2 on porous materials chosen for their relevance as 
supports or catalysts for methanol synthesis and water-gas shift 
reaction. These measurements were taken principally at 80 and 100 
°C and in the 1 — 7 MPa range; the supercritical region could not be 
reached due to instrumental limitations. 
3.1 Gibbsian surface excess 
In consequence of the solid-gas attractive forces, a pure gas 
contacted with an adsorbent will form a layer near the solid surface, 
the adsorbed phase, with a density different but related to that of 
the bulk fluid phase; the amount of adsorbate within this layer is 
indicated with na. Sircar has reviewed this phenomenon in detail 
[91] and gives a clear schematic description of the Gibbsian 
adsorbed phase: 
Bulk Phase 
Pressure = P 
Temperature = T 
Molar density = p 
Volume = V 
Gibbsian adsorbed phase 
Pressure = P 
Temperature = T 
Molar density = pg 
Surface excess = n. 
Adsorbed amount = ng 
Volume = V..  
Interface 
Figure 3.1.1 - Diagram of the Gibbsian surface excess model. 
Adapted from Sircar, 1999 
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The adsorbed phase is contained within the Gibbsian adsorbed 
phase; its volume and density cannot be measured experimentally 
and this makes direct determination of na impossible. However, nexc 
can be measured using the model described above, where an 
interface between the adsorbed and bulk phases is located 
arbitrarily at some distance from the solid surface. 
The total void volume of the entire system is 14 (= Vg + V) and 
expressed in cm3/g, while na and nexc are in mol/g and p in 
mol/cm3. We define no as the total amount of adsorbate in the 
system, and it can be measured knowing how much of it was added 
in the system at the beginning. At this point we can write a material 
balance: 
no = nexc Vsp 	 (3.1.1) 
Thus the Gibbsian surface excess (GSE) nexc (mol/g) is given by: 
nexc _ng Vgp = Vg(Pg 	no - Vsp 
	 (3.1.2) 
This quantity is the excess of adsorbate present in the Gibbsian 
phase compared to the true amount adsorbed onto the solid surface. 
In order to calculate nexc, it is obviously necessary to know V° and 
measure no and p. There is physical limit to the amount of adsorbate 
that can be packed into the pores of adsorbent, and for this reason 
pg increases with gas phase pressure until it reaches asymptotically 
a maximum value. The bulk phase density instead increases 
monotonically and indefinitely with pressure, above the critical 
temperature (below Tc condensation occurs). Consequently, 
according to Eq.3.1.2 the GSE isotherms plotted against P pass 
through a maximum at medium pressures, and in some cases 
become negative at high pressures. 
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3.2 Manometric adsorption apparatus 
3.2.1 Overview 
There are many different techniques to measure adsorption on 
porous solids [92], but for this project it was decided to use a 
manometric (or volumetric) method with the apparatus represent 
schematically in Figure 3.2 and depicted in Appendix A1, Pict.1. 
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V3 
-0- 
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Figure 3.2.1 - Schematic of the adsorption apparatus 
This system is built almost completely with commercial 
components (only the vessel AV1 had to be designed and machined 
specifically) and is thus more cost-effective compared to the 
expensive inertial and magnetic suspension microbalances [51] that 
are at the core of the more accurate gravimetric methods. Despite its 
apparent simplicity, the practical design, construction and 
optimisation of this apparatus required several months. 
It should be noted that the expression "high pressure" is 
somewhat relative: in the field of surface science, 0.1 MPa -
atmospheric pressure - already constitutes a high value; on the 
other hand in the industrial and oilfield sector pressures up to 200 
MPa are not uncommon. The 1 - 10 MPa range investigated in this 
work can be denominated "medium pressure". However, even these 
pressures require systems with special features: the use of the 
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versatile standard glassware is absolutely precluded; some groups 
used thick-walled sapphire [39] vessels for their high-pressure 
experiments (not limited to adsorption measurements) but the 
material of choice is metal, particularly stainless steel. Sealing at 
joints and valves is not problematic when commercial components 
are installed properly, but flanges and especially eventual view ports 
require peculiar sealing solutions [36, 37]. 
3.2.2 Apparatus description 
All the vessels, valve bodies tubes and fittings are made of 
stainless steel (Appendix B1); the valve seats and seals materials 
have been chosen for their resistance to the aggressive action of 
supercritical CO2. The system was initially designed to operate up to 
16 MPa and 120 °C, but other factors that will be discussed later 
limited the maximum operative pressure to around 7.0 MPa. The life 
of perfluoroelastomers in these conditions is limited, while PTFE and 
PEEK exhibit excellent performance. 
A copper tube is coiled around the dosing vessel PT1 to allow 
for cooling with a circulation of cold heat exchange fluid from an 
external chiller; a vacuum pump is also connected to the vent line 
for evacuation of the system. A structural frame that fits inside a 
slightly modified common laboratory oven supports the whole 
apparatus; an insulated aluminium panel provides closure and 
bears the necessary holes for the valve handles, connections and 
thermocouple cables (Pict. A1-2). 
The adsorption vessel AV1 was designed in accordance with 
British Standard 5500; it has a flanged lid and uses a groove-
contained rectangular section PTFE gasket for sealing (Pict. A1-3). 
The whole vessel with its fittings was pressure-tested at 24 MPa by a 
specialized company (Stansted Fluid Power). The adsorbent material 
is contained in a stainless steel tubular basket (Pict. A1-4) that fits 
inside AV1 with close tolerance. 
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Absolute pressure is measured by a strain-gauge pressure 
transducer with ±0.05 % accuracy at 20.7 MPa connected to a data 
logging PC through a high resolution digital indicator; the 
transducer itself is installed outside of the oven cavity to avoid 
baseline drift with temperature variations. This drift has been 
measured and found to be immaterial for the room temperature 
variations that can be encountered during an adsorption 
experiment. Temperature data are provided by two Type-T 
thermocouples connected to the same PC through a digital 
datalogger; thermocouples and datalogger together have been 
calibrated against a platinum thermoresistance thermometer for 
±0.1 K accuracy in the 300 - 400 K range. 
The fluid phase density can be measured directly by integrating 
a capacitance [93] cell or an acoustic cavity in the system: the 
dielectric constant of a fluid and the speed of sound [38] in it are 
related to its density. None of those is installed in this system. 
3.3 Definition of quantities and adsorption calculations 
3.3.1 Apparatus geometry 
For ease of use with the particular system described above, Eq. 
3.1.2 is rewritten as: 
nex, = (ni - pfV9 I ma 	 (3.3.1) 
Where n, is the initial amount of adsorbed loaded introduced in 
the system (mol); pf the density of the bulk fluid phase when the 
system has reached equilibrium after contacting the gas with the 
solid adsorbent (mol/m3); V0 (analogous to Vs) the entire system 
volume (cm3) and ma the adsorbent mass (g). The volume of the 
section between V1 and V2 is called lid, dosing volume. 
In order to perform the necessary calculations, some 
intermediate quantities have been defined: 
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T,P 
Rv = V°/Vd 	' 
TiPf 
(3.3.2) 
This is called the volume ratio and measured by isothermal 
expansion of helium, regarded as an ideal gas, from Vd to V°; the 
subscripts i and f refer respectively the initial and final state. Once 
Vd is known, R,, allows to determine I/O;  Vd has been measured using 
a different gas expansion method described in detail in Section 
3.3.3. 
Thermal expansion of the system components causes slight 
volume variations with temperature, and an empirical relation for Vd 
has been determined for T between 300 and 400 K: 
Vd(7) = 0.0165.T+ 153.76 	 (3.3.3a) 
I/0 varies with the amount of adsorbent loaded in AV1, and for this 
reason R1, is measured at the operative temperature. An empirical 
relation has been found also for the uncertainty on Vd: 
S( Vd) = 0.4- Vd 63.46 	 (3.3.3b 
Input data for the regression analyses are reported in Table 3.3.1: 
Table 3.3.1 - Measured volumes and uncertainties 
Tgq 	Vd(mL) 	S(mL) 
	
312.1 158.9 	0.1 
372.8 
	
159.9 	0.5 
3.3.2 Excess amount measurement 
Bulk phase density can be expressed both in terms of the CO2 
amount and available volume, and as a function of P,T: 
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p_ V = 
•
f(P T) 
"  
(3.3.4) 
pg defined in Figure 3.1.1 is an unknown function of p. 
If we assume that there are no leaks (a fact that has been 
verified using both liquid leak detectors and checking system 
pressure drop against time), we have: 
of  = n= - nexe 	 (3.3.5 
Where of is the final amount of CO2 in the bulk phase and ni is 
calculated from: 
ni = pd Vd I 1000000 	 (3.3.6) 
It also follows that: 
pt = ni/ Vd • 1000000 = ftPil Tz) 
	
(3.3.7a) 
pf = nf/ Vo -1000000 = f(Pf,Tf) (3.3.7b) 
Combining the equations above, we can define another 
important quantity in our method for the adsorption measurements: 
P f 	P, P RDV - 	1 (3.3.8) 
This is denominated relative density variation, is by definition 
negative and contains information on the Gibbsian surface excess. If 
no adsorption or condensation occurs, the value of RDV measured 
for the gas expansion from Vd to V° is constant and solely a function 
of system geometry. This value is ERDV (Expected RDV): 
ERDV = 1 — -1 
R,, 
(3.3.9) 
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RDV does in fact match ERDV (within experimental error) below 
the critical pressure of CO2; above that threshold, -departure from 
the expected value becomes >10%. 
CO2 is highly compressible in supercritical phase and 
extremely compressible in near-critical conditions: density 
inhomogeneities within the system are thus inevitable and can 
contribute to the observed deviations. Also temperature 
inhomogeneities play a role, together with expansion of system 
components under pressure loading. However, it was realized later 
in the course of the measurements that condensation of carbon 
dioxide can occur in the pressure transducer cavity which is kept at 
room temperature (20 - 30 °C) and thus below the critical point, 
when the bulk phase pressure is above the vapour pressure of CO2. 
Combining Eqs. 3.3.2, 3.3.5, 3.3.6, 3.3.7 and 3.3.8 we 
obtained an expression for the variation of CO2 amount in the fluid 
phase: 
An = n; [(RDV +1)R„ -1] (<0) 	 (3.3.10) 
and then, for the excess amount: 
nexc = - (zIn/ma) 	 (3.3.11) 
Ilexc is finally plotted against P to produce the adsorption isotherm. 
We also define one last quantity, A', which is useful to compare 
directly the fluid phase density to that of the gas at standard 
conditions: 
X = pl pc' 	 (3.3.12) 
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Where /30 is the density of CO2 at 273.15 K and 100 kPa (STP), 44.33 
mol/ m3. 
3.4 Choice of equation of state 
3.4.1 Behaviour of real gases 
Calculating the bulk phase density from the P,T values requires 
the use of a suitable equation of state (EOS) [22]. The ideal gas EOS 
is not applicable in the experimental conditions due to the 
pronounced non-ideality of carbon dioxide; however, it is applicable 
to helium at -0.5 MPa and 350 - 400 K for the measurement of R. 
Unlike the ideal gas, molecules in real gases have finite 
dimensions and experience repulsive and attractive forces; for these 
reasons most semiempirical equations of state take the form: 
P = Po(T) ÷ Pa(T) 
Where Po is the repulsive term, considering the molecules as hard 
spheres and Pa is the attractive term that expresses the attraction 
forces. The first of such EOS to be proposed was the Van der Waals 
equation, that produces a cubic equation when resolved for the 
molar volume v: 
P = RT/ (v - b) - a/ u2 	 (3.4.1) 
Where a and b are substance-specific parameters. A number of 
other cubic EOS have been proposed, and two of them considered 
for the density calculations in this work. 
3.4.2 Soave-Redlich-Kwong (SRK) EOS 
P = RT/ (v - b) - a(7)/ v2 	 (3.4.2) 
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RT 	a(T) P - 
v - b v 2 +2bv - b 2 
(3.4.4) 
Where b is calculated from the critical constants of CO2 as b = 1/8 
RTel Pc; a is instead temperature-dependant (Tr = TI Te): 
a(T,-) = a(7)/ ac (3.4.3a) 
ac = 27164 •R2Tc21 Pc (3.4.3b) 
a(Tr) = [1 + m(1 - Tr112)12 (3.4.3c) 
m is in turn specific for the substance being examined, and can be 
expressed as a function of the acentric factor (0: m = 0.4998 + 
1.5928(0 - 0.19563(02 + 0.025(0. 
The densities calculated with this EOS (through the software 
Maple 9) have been compared to the values published by Span and 
Wagner, who developed the most sophisticated equation of state (SW 
EOS) for carbon dioxide to date: the SRK equation does overestimate 
density by a considerable margin that increases with pressure and is 
thus not suitable for a project requiring very accurate density 
values. 
3.4.3 Peng-Robinson (PR) EOS 
Where: 
b - 0.778RK 
Pc 
a(7) = ac[1 + m(1 - Tr1/2)12  
(3.4.5b) 
- 0.45724R2K2 
ac  	 (3.4.5c) 
Pc 
m = 0.37464 + 1.542260) - 0.26990)2 	 (3.4.5d) 
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(3.4.5a) 
• • • • • • • o 	 • • • • 
The predictions of this equation have been compared with the 
Span-Wagner results in Figure 3.4.1; D = 100 (ppR-psw)/psw 
0 • • • • • 
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Fig. 3.4.1 — Deviation of the Peng-Robinson density from the 
Span-Wagner density 
The deviations are contained between ±6% of the SW EOS 
value, except for the steep drop that can be observed in the extended 
critical region at 310 K: cubic equations of state are notoriously 
unreliable in this region. 
However, there are other sources of error with manometric 
technique employed for the adsorption measurements (see Section 
3.5.2); hence it was finally decided to use the interactive database 
REFPROP 7.0 developed by NIST. This software tool encodes the SW 
EOS for carbon dioxide and the most recent equations of state for a 
large number of substances; it also consents to calculate rapidly and 
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in a straightforward manner the fluid phase densities and other 
properties, for both single state points and specified intervals. 
Unlike those considered above, the SW EOS is in form of the 
Helmholtz energy (A) with density and temperature as independent 
variables. Again, the Helmholtz energy is expressed as two terms 
05,T) = 40°(6,t) 	ciir(6,T) 
	
(3.4.6) 
where (1) = Al (R7), 6 = pl pc (reduced density) and T = Tcl T (inverse 
reduced temperature). (IP depends on the ideal gas behaviour and 4)r 
takes into account the residual fluid behaviour. The expression for 
the Helmholtz energy of the ideal gas can be obtained analytically, 
while (kr must be obtained by optimising the mathematical structure 
of the equation and non-linear fitting of its coefficients. These 
procedures are highly complex and their description is outside the 
scope of this work. However, the SW EOS describes the fluid phase 
density in the P,T region of our interest with ±0.03% tolerance. 
3.5 Adsorption measurements 
3.5.1 Experimental details 
The first task to be completed was accurate determination of 
Vd. This was accomplished using a small, valve-equipped pressure 
bomb (Whitey, 75 mL) in a gravimetric method. The bomb was 
loaded with argon at ca. 100 bar and weighed on a balance with a 
±0.001 g precision (Mettler-Toledo PR5003); the bomb is then 
connected directly to V1 and used to fill with gas the dosing volume 
(lid) of the adsorption apparatus. After the temperature in the system 
has reached the chosen value, pressure and temperature are 
recorded for 40 minutes, while the bomb is weighed again: the 
difference between the initial and final weights is the amount of 
argon introduced in the system. 
Volume of the fittings between the bomb and valve was 
calculated by allowing gas from the bomb into that space (with V1 
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closed); closing the bomb valve, venting and weighing the vessel a 
third time; temperature and pressure were assumed to be the same 
as in the rig. 
Knowing the amount of argon introduced in Vd and the fittings 
space, the volume of the first section is calculated using the virial 
equation of state (V-EOS) 
P = RT/ V,, - RTB/ W22 	 (3.5.1) 
With the following parameters (the subscript c denotes critical 
constants): 
B = BoRTe/ Pc 	 (3.5.2a) 
Bo = 0.083 - 0.422/ Tri6 	 (3.5.2b) 
Where V,, is the molar volume and Tr the reduced temperature. This 
procedure gave a Vd of 158.960.1 mL at 312.1 K; the measurement 
was repeated at 372.8 K, obtaining 159.9 ± 0.5 mL; these values 
have been used to produce Eqs. 3.2.3a and 3.2.3b through a simple 
regression analyses. 
Measurement of R, is accomplished in a similar fashion: the 
whole system is evacuated and brought to the operative 
temperature, then helium at 0.5 - 0.6 MPa is introduced in PT1 and 
after a brief equilibration period P,T data are recorded for 10 min. At 
this point, V2 is opened to allow the gas into AV1 and after an 
ulterior equilibration time final P,T data are recorded for another 10 
min. The system is finally vented and evacuated again for another 
run; the whole procedure is repeated 3 - 5 times in order to 
calculate an average value of /2, and its standard deviation. 
For the adsorption measurements, 1.5 - 2.5 g of adsorbent 
material are introduced in the basket and weighed accurately on an 
analytical balance then dried and degassed in vacuum at 150 °C for 
4 h; when using fine powders the basket is usually capped with 
quartz wool to avoid dispersion. At the end of this period of time, the 
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basket is quickly transferred to the adsorption vessel, which is 
sealed and installed back in the rig while flushing with a low flow of 
helium. Flushing is continued for 30 min at room temperature, and 
then the oven is set at 60 °C, the system evacuated for 1 h and the 
pressure indicator zeroed. 
In order to measure I/O,  the system is brought to operative 
temperature and PT1 loaded with helium at -0.6 MPa; initial P,T 
data are recorded for 10 min (sampling rate 0.5 Hz) and then the gas 
is expanded into AV1 and the whole system allowed to equilibrate 
before recording P,T data for another 10 min. This process is 
repeated 3 - 4 times obtaining a value for 1/0  and its standard 
deviation. 
Before loading with CO2, the apparatus is allowed to cool to 
room temperature and evacuated again, then flushed briefly with 
carbon dioxide and evacuated thoroughly; the pressure indicator is 
zeroed at this value. Care should be taken to purge the gas line 
before allowing CO2 in the system, in order to avoid contamination 
with air or helium. Coolant is circulated in the cooling coil until a 
temperature of 300 K is reached, and carbon dioxide is slowly 
allowed into PT1 until a pressure of 5.0 - 5.5 MPa at 300 K is 
reached. In these conditions, Vd contains 0.4 - 0.5 mol of CO2. 
For the experiments starting at supercritical conditions, PT1 
has to be cooled down to 270 - 280 K and CO2 added to -6.0 MPa: 
with this procedure, Vd will contain -1 mol of liquid. 
When loading is completed, the gas line is purged and 
temperature in the oven increased stepwise to the operative value; 
empirically, an 82 °C setpoint corresponds to an average of 350 K in 
the adsorption system while 103 °C setpoint corresponds to 370 K. 
While keeping AV1 under vacuum, 600 points for pressure and 
600 for temperature are logged at 2 s intervals for a total of 20 min. 
AV1 is then sealed and V2 opened slowly by a fixed number of turns, 
allowing CO2 to come in contact with the adsorbent; the new 
equilibrium is reached in 20 min. It has proven more practical to 
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discontinue data logging during the expansion and equilibration 
phase. 
When equilibration is complete, P,T logging is repeated with the 
same modalities; finally V2 is closed again, AV1 vented and 
evacuated to be ready for another run at lower pressure. The whole 
isotherm is thus constructed point by point with successive 
expansions. The P,T-time profiles at steady state and during 
expansion and equilibration are shown in Figure 3.5.1 
a) 
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b) 
Fig. 3.5.1 - Time-dependant T and P profiles for a typical experiment 
Average and standard deviations for pressure and temperature 
are calculated for both initial and final states; the arithmetic mean 
of PT1 and AV1 temperatures (grand average) is then used in 
subsequent calculations. 
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An has been calculated for a blank (no adsorbent) adsorption 
experiment starting at supercritical conditions (351 K, Figure 3.5.2): 
0.01 
0.00 
-0.01 
   
❑ ❑  
11.0 	12.0 5.0 	6.0 	7.0 	8.0 	9.0 	10.0 
P, MPa 
Fig. 3.5.2 — Apparent CO2 decrease 
The sensible reduction of the amount of CO2 in the gas or 
supercritical phase is readily evident above 7.0 MPa, where it 
increases with pressure to probably level off at 10.7 MPa. This An is 
roughly one order of magnitude greater [94] than the one associated 
with adsorption and renders the latter undetectable. Below critical 
pressure, however, the gas-phase amount remains constant after 
expansion instead. 
3.6 Determination of errors 
The errors considered for this work are summarized in Table 
3.3.1; in this work si -or s(i)- indicates the relative error on the 
quantity i and 6, -or 6(1)- indicates the absolute error. 
Table 3.6.1 - Error summary 
Quantity 	 Error 
P ±0.05% 
T 	 ±0.1 K 
Vd 	-0.3%; defined by Eq.(3.2.3b) 
ma ±0.001 or ±0.0001 g 
The usual error propagation formulas have been employed; in 
particular 
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n 	2 	n 
8p 	oT 6T) + op  c9 Op j 
(3.6.1) 
The partial derivatives of p in this equation are calculated using 
REFPROP 7.0. The other quantity requiring partial derivatives for 
determining its uncertainty is An: 
aon) 	\2 ( (An) 	, (80 	
2 
n) Rn,  
8An 	 ,  
OR, 	
+ 
j 	0(RDV) R6 Dv -r- 	) 
= V[n.,(RDV + 1)6 Ri2 + (n • RDV • 6 RDV)2 [R, (RDV + 1)8„, ]2 	(3.6.2) 
s(RO is calculated for each set of runs and is normally 0.08 - 0.09%. 
The main sources of error are thus the uncertainty on Vd and 
Rv, and in fact the exact determination of the void volume (also 
known as dead space) is a long-known weakness [95] of the 
manometric method [94]. The factors influencing Vo as measured 
with helium are temperature and pressure conditions of the 
experiment: the apparatus can manifest small expansion due to 
pressure loading, and a variable - though tiny at low pressure -
amount of helium can be adsorbed on the substrate. Moreover, due 
to its smaller molecular size, helium fills pores in the adsorbent and 
crevices in the system that are inaccessible to CO2. 
However, in adsorption at medium and high pressures, the 
amount of gas in the void volume is inevitably much bigger than the 
adsorbed amount, 3 - 4 orders of magnitude in our case, and this 
poses inescapable limitations on the accuracy that can be achieved. 
The magnetic suspension microbalance at the core of the 
gravimetric method employed by DiGiovanni et a/.[51] is instead 
insensitive to the total amount of adsorbate present in the system; 
however at high pressures the buoyancy correction limits the 
accuracy achievable with this method. 
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Thermal expansion of the adsorbents is accounted for 
measuring V° at the operative temperature; the errors introduced by 
adsorbent compressibility, dimensional changes and steric factors 
can be considered negligible for X 120 [94], as we encountered in 
our work. 
3.7 Results and discussion 
3.7.1 Materials employed 
The relevant properties of the adsorbent materials used in 
these experiments are summarized in Table 3.7.1a-b and their 
preparation is described in detail in Section 3.8.1. 
Table 3.7.1a - Main properties of the 
adsorbents examined 
Notation BET Surface Area (m2/g) Composition (mol) 
SiG60 	508 Silica gel 
EP1O-S 	287 Silica gel 
F-05 263 	5% ZnO / Si02  
F-50 	133 50% ZnO / Si02 
ALU-1 245 	y-alumina  
FA-05 	208 	5% ZnO / y-alumina 
Table 3.7.1b - Other properties of the adsorbents 
Notation Particle Size (µm) BET Av. Pore Diameter (nm) 
BJH Ads. Pore 
Volume (cm3/g) 
SiG60 62 - 210 5.9 0.75 
EP1O-S -110 23 1.8 
F-05 -110 23 1.6 
F-50 -110 19.9 0.7 
ALU-1 250 - 500 10.9 0.81 
FA-05 250 - 500 11.3 0.70 
3.7.2 Assessing system performance 
SiG60 was used to compare the results of our method with 
those available in the literature for medium-pressure adsorption of 
CO2. This comparison is illustrated in Figure 3.7.1b. 
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Fig. 3.7.1a - The original adsorption isotherms by DiGiovanni et a/451] 
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Fig. 3.7.1b - Our data (dots) compared to selected literature data (lines). 
The isotherms in this plot have been calculated by 
cross-linear interpolation at our P,T values. 
The literature excess amounts were measured at P,T values 
slightly different from ours; in order to compare the different data 
sets the excess amounts were re-calculated at our experimental 
conditions using cross-linear interpolation, described in Section 
3.8.2. It is immediately evident that our isotherms break down in the 
critical region and become erratic above it - while showing a 
reasonable agreement with literature below 7.0 MPa for all 
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temperatures. The erratic behavior in the high end of our pressure 
field is due to the localized condensation of CO2 discussed in Section 
3.3. In the sub-critical region, the difference between the 
experimental and literature nexc can reach +30% but is more often 
lower than +20%. The main reason for this considerable discrepancy 
may well be the manometric system in itself; however, the exact 
surface area of the silica gel used by DiGiovanni et al. is not known, 
as is the error introduced by using cross-linear interpolation. 
According to the concepts expressed in Section 3.1, the 
adsorption isotherms exhibit a maximum that becomes lower and 
flatter and moves to higher pressures with increasing temperature; 
this is especially evident when considering the ne„ vs. p plot. 
Ustinov et al. have measured CO2 adsorption also on the 
activated carbon Norit R1 (Section 2.6), with analogous results [4]. 
3.7.3 Adsorption on silica-based materials 
EP1O-S is a medium surface area amorphous silica, used 
commonly as catalyst support. The CO2 excess amount on EP1O-S 
at 321 and 351 K is reported in Figure 3.4.2 
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Fig. 3.7.2 - Excess amount of CO2 on EP1O-S. Errors are estimated 
as described in Section 3.3.2. Dotted lines: second-order fitted polynomial 
The uncertainty on the adsorbed amount is sensible for the 
reasons explained above. However, the data points fall within 
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reasonable agreement of a fitted curve. In this pressure range, the 
excess amount increases monotonically with pressure; a maximum 
is apparently reached at 6.0 MPa for 351 K temperature. The 
maximum is however close to that obtained on SiG60. Published 
value for the area of adsorbed CO2, a(CO2) is 0.210 nm2: with this 
value, the monolayer coverage on EP1O-S is estimated at 0.002 
mol/g: adsorption is thus multilayer above 2 - 3 MPa. 
When the excess amount is measured on F-05, 5 mol% Zn (as 
zinc oxide) on EP1O-S the results are: 
0 0 	1.0 	2.0 	3.0 	4.0 
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■ 350 K 0370 K 
Fig. 3.7.3 — CO2 isotherms on F-05 
At 350 K, the adsorption isotherms increases regularly with 
pressure to level off around 6.0 MPa (the datum at 2.5 MPa is likely 
spurious), but at 370 K the excess amount is very low and manifests 
little variation with pressure. It is known that adsorption of CO2 on 
ZnO produces chemisorbed surface carbonate and carboxylate 
species which increase the adsorbed amount from a physisorption-
only situation. 
Adsorption isotherms on EP1O-S and F-05 are compared 
directly in Figure 3.7.4: the excess amount, even taking into account 
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the 1 K difference between the two isotherms, is sensibly higher on 
F-05, probably due to the same formation of chemisorbed species. 
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Fig 3.7.4 - Comparison of CO2 adsorption isotherms on EP1O-S and F-05 
On the other hand, at 370 K the excess amount is lower on F-
05, and converges at pressure below 3 MPa. However, considering 
the uncertainty of both data series, the difference does not appear 
very significative. 
3.7.4 Adsorption on alumina-based materials 
Alumina is the most common support for a wide range of 
catalysts including methanol synthesis catalysts, while activity is 
given by a combination of copper and zinc oxide. For this reason we 
measured the adsorption of carbon dioxide on ALU-1 and FA-05, 
both at the sole temperature of 350 K (Figure 3.7.5). 
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Fig. 3.7.5 - CO2 excess amount on alumina-based adsorbents 
Despite the considerable uncertainty of some measurements, it 
is readily apparent that also in this case the addition of zinc oxide 
causes a marked increase of the excess amount - though this 
quantity remains higher on silica gels. Monolayer coverage for ALU-1 
calculated from 6(CO2) is 0.0017 mol/g; applying the Langmuir 
isotherm equation 
P/n = 1/n.b + P/n. 	 (3.7.1) 
where n is the excess amount; nm the monolayer capacity and b the 
adsorption coefficient, with a regression analysis we determined that 
nm = 0.002 mol/g. 
Yoshida et al. studied silica-supported zinc oxide catalysts [5] 
and concluded that at low loading zinc oxide is highly dispersed, as 
isolated ZnO4 tetrahedra; at higher coverage - such as the 5% we 
used - these tetrahedra form aggregates of some kind; distribution of 
zinc oxide on alumina can be sensibly different. ZnO is a 
semiconductor and during adsorption of CO2 localized and 
delocalised charge transfer processes occur [6], resulting in 
chemisorption with the formation of coordinated CO2- and C032-. 
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3.7.5 Other experiments 
Initially, P,T data were not logged but a few data points were 
recorded manually for initial and final conditions. The high 
dispersion of excess amounts calculated from these data led to a 
more thorough investigation of the P,T-time fluctuations in the 
system and the decision to log P and T values for a certain length of 
time. 
- Adsorption on YAD746974 
This is a medium temperature, CuO/ZnO/A1203 water-gas shift 
catalyst produced by ICI Katalco. We used it as 0.25 - 0.5 mm 
particle size in its unreduced form and measured one adsorption 
isotherm at 371.6 K. SA 85 m2/g, pore volume 0.28 cm3/g. 
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Fig. 3.7.6 - Adsorption on YAD746974 at 371.6 K 
Due to the low surface area of this material, the CO2 excess 
amount is small compared to experimental error, and thus scarcely 
significative. Excess amount is in the range 0.1 - 0.3 mmol/g. 
- Adsorption on F-50 
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This material was studied to establish the effect of zinc loading 
on CO2 adsorption. However, instrumental problems hampered the 
measurement of a usable isotherm. After some investigation, it was 
found that the balls and seats of valves V1 and V3 had worn out 
causing a tiny but noticeable leakage of CO2. 
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Fig. 3.7.7 — Isotherms on F-50 
Data points at 350 K are too scattered to reach any reliable 
conclusion about adsorption on this material; the adsorbed amount 
at 371 K appears too low for a material with 133 m2/g surface area: 
reaction of zinc oxide with carbon dioxide may produce carbonates 
thus plugging some pores and reducing the area available for 
adsorption. 
- Adsorption on 5 wt% Cu/EP10-S 
This catalyst was prepared by Clara Wain of Aberdeen 
University by wet impregnation and subsequent calcination at 623 K 
for 1 h in flowing air. The powder was sieved to a particle size >106 
lam and used without prior reduction. 
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Fig. 3.7.8 - Adsorption on 5% Cu/EP1O-S. Dash-dot line: second-order 
fitted polynomial. 
Measurements were taken at 350 K; in this case, data points 
appear randomly scattered. This is due to the scarce amount (0.64 g) 
of catalyst available: in these conditions, An is too small to be 
measured reliably with our system. 
3.8 Additional information 
3.8.1 Adsorbent preparation and characterization 
The adsorbent materials employed in this study have been 
prepared with different methods, described in this section. 
- SiG60 (Silica Gel, Merck 60) 
Used with no further treatment. 
- EP1O-S (Silica Gel, Crosfield EP10) 
Sieved in order to exclude particles smaller than 106 ptm 
- ALU-1 (y-alumina, Norton 6175) 
Ground and sieved to the appropriate particle size. 
- F-05 (5 mol% zinc as zinc oxide on silica) 
This material was prepared by wet impregnation of EP1O-S as 
described by Yoshida et al. [5], usually in 3 - 5 g batches. The correct 
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amount of zinc nitrate hexahydrate (Fluka) is weighed accurately 
and dissolved in ca. 120 mL of analytical grade deionized water; 
EP1O-S is added and the suspension boiled to dryness under 
magnetic stirring. The powder is then dried at 120 °C for 12 h and 
calcined at 500 °C for 5 h in a tubular furnace under a moderate 
flow of clean air. Finally, the resulting material is sieved once more 
to obtain the proper particle size. F-50 has 50 mol% zinc loading, 
and it was not possible to measure usable isotherms with it due to 
instrumental problems. The XRD pattern of F-50 reveals the 
presence of crystalline zinc oxide, which is not visible in F-05; 
Yoshida et al. had already observed this behavior. 
- FA-05 (5 mol% zinc as zinc oxide on alumina) 
As in the previous case, the correct amount of zinc nitrate is 
weighed accurately and dissolved in water. 10 g of ALU-1 are added 
and the suspension boiled to dryness under vigorous stirring. This 
material has a more pronounced caking tendency, so at this stage 
the cake is crushed and sieved again; the 106 - 250 and 250 - 500 
pm fractions are collected separately, then dried and calcined as 
described above. The XRD pattern of this material does not feature 
any ZnO peak. 
All these materials appear as white, free-flowing powders; the 
ones containing zinc oxide can assume a pale yellow tint, however. 
Surface areas have been measured with nitrogen at its boiling point. 
3.8.2 Cross-linear interpolation 
Linear interpolation is a technique to determine the value of a 
function f(x) when x is comprised between two points xi and x2 for 
which the values of f are known; f(x) is assumed to be linear in the 
interval between xi and x2. Excess amount is a function of the two 
variables P,T. extending the linear interpolation concept to this case 
we have: 
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P, 
Fig. 3.8.1 - Use of cross-linear interpolation to report 
published n values to our experimental conditions. 
The point n(Pc,7) is the excess amount at the experimental 
conditions and the value to be calculated; the isotherms at T1 and T2 
and the Ptf values are known from literature. Thus, two 
interpolations (P as independent variable) are initially employed to 
determine the points n(P,,Tk) and a third one (T as the independent 
variable) to finally calculate n(Pe,7). This method does necessarily 
introduce a certain error, which estimation was not attempted. 
3.9 Concluding remarks 
The manometric adsorption system did not perform as 
planned. It is suitable only for medium-low accuracy measurement 
of adsorbed amounts at subcritical pressures. At similar surface 
area, maximum CO2 loading is higher for silica gel than y-alumina. 
Addition of 5 mol% ZnO produces a marked increase of carbon 
dioxide loading, especially in the proximity of 350 K. 
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Chapter 4: Practical Aspects of Reaction 
Studies 
4.1 High-pressure reaction rig 
The water-gas shift (and reverse WGS) and methanol synthesis 
reactions are quite well known at low and medium pressures. 
However, we wanted to investigate the effect of supercritical 
conditions on the activity of the catalyst for these reactions, and the 
influence on the carbon dioxide hydrogenation products. 
For this study, a dedicated reactor setup was built (Figure 
4.1.1) using all commercial components. 
BPR 
Vent 	GC 
Bubble meter 
Fig. 4.1.1 - Schematic of the flow reactor rig. The reactor downstream 
thermocouple and the one on the BPR are not shown. 
Permanent gases feed (H2, N2 and reactant mixtures) comes through 
a supply panel that comprises a switching valve, a pressure 
regulator and cylinder and line pressure gauges. The flow of these 
gases is regulated with a high-pressure mass flow controller (full-
scale 500 NmL/min). Carbon dioxide comes from a liquid withdrawal 
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cylinder through a supercritical CO2 pump that allows setting the 
proper flowrate. 
The gases employed are oxygen-free nitrogen; 99.995% 
hydrogen (175 bar) and CP-grade CO2, liquid withdrawal, all 
supplied by BOC. 
The mixer is a simple union cross; the activated carbon trap to 
purify the feed is a 3/8" tube with stainless steel sinter disks at both 
ends (the fittings of this trap had to be machined to receive the 
sinter disks and still seal properly at the operative pressure). 
Due to the scarce length of the tubular furnace, the reactor 
requires a preheater, which is constituted of heating wire coiled 
around a length of aluminium foil-wrapped 1/8" tube; the whole 
assembly is insulated with rock wool. A Type K thermocouple 
provides the feedback signal to a variable-voltage PID temperature 
controller. 
The tubular furnace has its own control box and is 15 cm long 
with a - 20 mm diameter; it is also installed on a sliding support 
frame in order to align it with the reactor tube. 
The reactor itself has a length of 15 cm (from the top rim to 
the sinter disk at the bottom, seated in another machined fitting) 
and is made of 3/8" 316SS tube with a wall thickness of 1 mm. At 
the top, a bored-through fitting consents inserting a 1/16" 
thermocouple inside the tube. An in-line filter with a 2 1.im sinter 
element is installed downstream the reactor to capture any escaping 
solid particle. 
Further downstream there is a backpressure regulator (BPR; 
689 bar max, GO Inc.) followed by a two needle valve manifold to 
regulate the gas flow to the analyser GC; a 1000 mL/min bubble 
meter on the other branch completes the system. One trace-heating 
and PID system is used to heat the line from the reactor to the 
manifold and the BPR on this line; a second temperature controller 
is dedicated to the GC line. The gas lines are insulated with silicone 
foam; the BPR is wrapped in rock wool instead. Two additional 
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thermocouples allow monitoring the temperature of the BPR and 
downstream the particles filter. Pressure is measured by two 
electronic transducers, one at the mixer and the other downstream 
the same filter; however, a malfunction of unknown origin rendered 
the signal from this second transducer often unreliable or even 
meaningless. 
To perform experiments requiring the condensation of reaction 
products, a trap assembly is added to the system upstream the BPR: 
Fig. 4.1.2 - Schematic of trap assembly. 
A: sample cylinder; B: dip tube (1 /8"); C: deionised water bath; 
D: adapter/cap assembly; E: tee piece; F: needle valve 
Due to the high pressure in the system, all liquid products will 
already condense at room temperature, avoiding the need for a 
chilled bath. A simple evaporative cooling system is added anyway: a 
cloth (not shown in Figure 4.1.2) is wrapped and fastened around 
the length of the cylinder: water rises along the cloth by capillarity 
and evaporates subtracting heat from the trap. This system achieved 
the complete condensation of all liquid products. 
The whole apparatus downstream of the mass flow controller 
and supercritical pump is enclosed in an evacuated cabinet with 
heavy-gauge polycarbonate doors and sides. 
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4.2 Critical surface of the H2-0O2 system 
For the practical operation of the continuous hydrogenation 
reactor it is important to know how the critical point of the mixture 
varies with the concentration of hydrogen in the feed, and with the 
presence of reaction products. 
Tsang and Streett (Section 2.5) published the critical curve for 
this system. This curve begins at x(H2) = 0.2675, Pc = 20.9 MPa and 
= 290 K. 
The maximum pressure attainable in the reactor system is 
limited by using a commercial cylinder as hydrogen supply: these 
cylinders are filled to 17.5 MPa at 15 °C and produce no more than 
20 MPa at room temperature. For this reason, the concentration of 
hydrogen in the feed should be such to give a critical pressure minor 
or equal to 15 MPa. Critical temperatures are never higher than for 
pure CO2 and consequently immaterial. 
However, as explained in Section 2.5, it was impossible to 
calculate critical points with the PR EOS. A more empirical method 
was then chosen: fitting an exponential function to the available 
data (Figure 4.2.1). 
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Fig. 4.2.1 — Pa-composition correlation. The curve starts 
at the critical pressure of pure CO2. 
The fitted function is: 
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Pc = 7.38. e4.°°°9x0-12 ) 
	
(4.2.1) 
and it will be used to estimate the critical pressure for each feed 
composition. 
4.3 Gaschromatographic analysis 
Analysis of the reactor effluent was performed with an in-line 
gascromatograph; this method was preferred to the mass 
spectrometer analysis because both CO and CO2 produce a signal at 
m/z = 28, the former with its molecular ion and the latter with a 
fragment. This occurrence makes difficult to measure accurately 
small concentrations of CO. 
4.3.1 Instrument specifications and settings 
The machine employed is a Shimadzu GC-14B mounting a 
Porapak Q 80-100 column. Carrier gas is hydrogen or helium, 25 -
30 mL/min flow. Sample injection is performed with an electrically 
operated VICI 10-position rotary valve, connected to work as a 6-
position valve. The valve body is heated to -50 °C with the same 
heating wires used for the connection line. The sample loop has a 
volume of 886 µL determined by measuring accurately the length 
(969 mm) of a 1/16" tube with 0.875 mm ID. Effluent stream flow 
was set at 20 - 25 mL/min. 
The detector is a TCD operated at 180 °C with wire current of 
150 mA. Reference gas passes through a short loop in the GC oven 
and its flow is adjusted to be close to that of the carrier; the detector 
signal is then zeroed. 
Two temperature programs are used for different analyses: 
(1) Isotherm 80 °C, 5 minutes 
(2) Isotherm 80 °C, 4 min; 20 °C/min ramp to 140 °C and hold 
4 min. 
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Program (1) is suitable for permanent gases (H2/He, CO, CO2), 
while P(2) consents the measurement of H2O and Me0H in addition. 
A third program - 140 °C held 13 min - was tested for the analysis 
of heavier compounds, but no further peaks could be detected. 
4.3.2 Retention times and integration methods 
Retention times for the conditions specified above were 
determined injecting samples of a standardized mixture of He, H2, 
CO and CO2. Water and methanol vapour were added passing the 
gas mixture (25 °C, 1 bar) through a saturator enhanced with glass 
beads and loaded initially with methanol, then with water/ methanol 
mixture. 
Table 4.3.1 - Experimental retention times, min 
Carrier 
Analyte He H2 
H2 0.65 - 0.67 
He 0.51 
N2a 0.77 0.62 
CO 0.81 0.64-0.66 
CO2 1.58 1.18-1.20 
H2O 4.32 3.46 
Me0H 8.17 7.36 
a - often present as contaminant 
Hydrogen produces a small positive peak when in low 
concentrations, and a negative one at higher concentration. Water is 
not always detectable with this gaschromatographic method. 
It should be noted that a variation of the carrier flow would 
alter the retention times, but the elution order remains unaffected; 
in addition, the retention time of methanol is only slightly influenced 
by carrier flowrate. 
The GC is controlled by Class VP 2.05 software. The integration 
method has to be tailored to the specific analysis being performed. A 
"Shoulder Sensitivity" parameter is set to allow resolution of an 
eventual nitrogen peak from the CO peak, and a "Negative Peak" 
parameter accounts for the hydrogen signal. The baseline appears to 
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"rebound" after the negative peak, producing a small positive one: it 
was decided to turn integration off in order to exclude this peak. 
4.3.3 Calibration and response factors 
Most experimental runs were performed with H2/CO2 only feed, 
while in two cases a feed containing -2% helium as internal 
standard (IS) was employed. Carbon dioxide always produces the 
largest peak: for these two reasons, response factors for the various 
analytes were determined for both helium and CO2 as reference: 
Table 4.3.2 - GC response factors 
Reference 14. 	Hea 	CO2 
Heb 	 6.87 
 
Heb 74.3 
Analyte 
COb 	0.161 	1.113 
CO2b 0.146 
  
H20c 
	
0.034 	0.234 
MeOlic 	0.012 	0.125 
a - Carrier: hydrogen; b - Measured experimentally; 
c - Estimated from thermal conductivities 
Response factors for the permanent gases have been calculated 
analysing standardized gas mixtures with the formula: 
Fi, ref = xi/Ai - Arefhref 	 (4.3.1) 
Where Ft-ref is the response factor for the analyte i with reference ref 
xi its molar fraction and Ai its peak area; the subscript ref is for the 
reference gas. 
Due to the difficulties with preparing samples containing a 
known concentration of methanol and water vapours, a different 
method was employed. A TCD responds to variations of the gas 
thermal conductivity and it is thus reasonable to expect a relation 
between the thermal conductivity [96] of each analyte and its 
response factor. Known response factors were plotted against ki/kref, 
the ratio of thermal conductivities, obtaining (Fig. 4.3.1): 
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Fig. 4.x.1 - Correlation between response factors and thermal 
conductivity ratio at 180 °C. a) reference helium; b) reference CO2 
A linear fit in the first case and an exponential one in the second 
produce very good R-squared values in the conditions of interest; 
these empirical relations have subsequently been used to estimate 
the response factors for water and methanol. 
Concentration of the analyte is then calculated [97] with the 
internal normalization method in absence of IS: 
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10.0 
A,N = Fi,ref Ai 
	
(4.3.2) 
(4.3.3) 
When using helium as IS the relation instead becomes: 
Ai  
Xi = Fi,He 	 XHe 
AHe 
(4.3.4) 
To establish the composition of the feed, a slightly different 
procedure was used. The GC was calibrated for the H2(1)/CO2(2) 
ratio using a mixture of known composition and the appropriate 
response factor calculated: 
1?2,=X1=F AQ 
ir2 	A2  
(4.3.5) 
and taking into account that xi + = 1, 
= Rx/(Rx+1) 	 (4.3.6) 
A certain number of analyses were inadvertently performed 
with an exceedingly low (-10 mL/min) carrier flow, which caused the 
retention times of the gaseous analytes to increase sensibly and CO2 
to appear as a very broad peak. In these conditions, we obtained Fr = 
272. With the more adequate 25 - 30 mL/min carrier flow, Fr was 
found to be 160. 
4.4 Carbon balance and activity 
4.4.1 Conversion, yield and selectivity 
The balance of carbon for the reactor system is illustrated in 
Figure 4.4.1, where F indicates carbon molar flow in mol/min. All 
the carbon in the feed comes from CO2, and part of it is converted in 
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the products carbon monoxide and methanol, with eventual smaller 
amounts of other products. The algebraic sum of the molar flows of 
carbon entering and exiting the reactor must be zero; the 
concentrations of the components of the effluent are x(z) and xiii(z) for 
the feed. 
F(CO2) 
F,„(CO2) 
	
REACTOR   F(CO) 
F(MeOH) 
Fig. 4.4.1 - Carbon balance 
We can then write the equations: 
F(i) = x(t)•Ftot 
Fin(CO2) = EF(i) = Ftot 
Conversion(CO2) = [1 - F(CO2)]/Fin(CO2) 
(4.4.1) 
(4.4.2) 
= 1 - [F(CO2)/Ftot] (4.4.3a) 
Yield(z) = F(t) /Ftot (4.4.3b) 
Selectivity(i) = F(z)/[F(CO) + F(MeOH)] (4.4.3c) 
C, Y and S are adimensional. We also have that: 
Fin(CO2) = xin(CO2)•Fin (4.4.4) 
Fin (mol/min) is the total feed molar flow; the feed is constituted of 
carbon dioxide and hydrogen with a small amount of helium in some 
cases. Both hydrogen and helium can be regarded as ideal gases 
(IG), and the molar feed flow is calculated from the volumetric Vir, 
(mL/min) flow using: 
Fin = Vi / 1000[(1-(>,(CO2)• 	+ x„„(CO2) • 17,4CO2)] 	(4.4.5) 
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Where Vni(IG) = 24.8 L/mol and VACO2) = 24.7 L/mol are the molar 
volumes of the two gases at 25 °C and 0.1 MPa; the factor 1000 is 
introduced to keep dimensions consistent. 
4.4.2 Reaction rates 
The production rates for CO and Me0H are calculated from the 
above quantities and the mass of catalyst (mc, g) loaded in the 
reactor using: 
r(i) = 60 000-(Y(i)Ftot / rn0 	 (4.4.6) 
The factor 60 000 (mmol•min/mol.h) is required to express r(i) in 
mmol/ h*g(cat). 
4.5 Packed bed reactor 
Figure 4.5.1 shows the tubular reactor setup used for these 
experiments. Total length of the reactor is 155 mm; its inner 
diameter 7.04 mm. 
Fig. 4.5.1 - Packed bed reactor (roughly to scale). A reactor inner wall; B 
thermocouple; C pre-packing; D catalyst bed; E post-packing/spacer; 
F sinter disk. 
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The catalyst is ICI-Katalco YAD746479 (or 83-6), a 
Cu/ZnO/A1203 medium temperature water-gas shift commercial 
catalyst, ground ad sieved to 0.25 - 0.5 mm particle size (dr/dp 14). 
In the bed, it is mixed with ground SiC of the same size in a 1:3 
volume ratio to assure isothermal conditions. Pre- and post-packing 
are made of neat SiC; the former to produce a correct gas flow 
distribution and pre-heat the feed mixture; the latter to consent 
placement of the catalyst bed in the central zone of the furnace. 
Typically, a loading has the following approximate dimensions 
(volumes are approximate): 
- Pre-packing: 10 mm (0.5 mL SiC) 
- Catalyst bed: 35 mm (0.4 mL YAD746479 + 1.3 mL SiC) 
- Spacer: 	20 mm (1 mL SiC) 
A Type K thermocouple is inserted in the packed bed from the top, 
with its tip reaching into the active zone. 
Reduction of the catalyst is performed with 200 mL/ min of 
10% H2 in nitrogen mixture (BOC) at 0.5 MPa: temperature is 
increased 15 °C min and held at 250 °C for 3.5 h, then allowed to 
decrease freely to 40 °C. During the reduction phase, the pre-heater 
temperature has to be adjusted manually; the post-reactor line is 
kept at 75 °C. 
The void fraction of the packed bed (s) is 0.6; we then define 
the following quantities. Gas hourly space velocity (h-1): 
GHSV = 60•v / (Sr- hb.e) 	 (4.5.1) 
where v is the volumetric flowrate (NmL/min), Sr the reactor cross- 
section (cm2) and hb the bed height (cm). 
Normal linear velocity (m/s): 
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NuL - 	v 	 (4.5.2a) 
100 • • Sr 
At the high pressures reached in the reactor, the fluid volume is 
sensibly lower than at normal conditions; assuming ideal gas 
behaviour the linear velocity (cm/s) is therefore defined as: 
uL - 	v 	 (4.5.2b) 
s • Sr • P 
where P has to be expressed in bar. From this equation it is clear 
that the same flow rate can correspond to different linear velocities 
depending from pressure. In analogy we also define a pressure-
dependant GHSV 
PGHSV = 60• v / 	hb- E- F) 	 (4.5.3) 
4.6 Coated-rod reactor 
A novel type of reactor used for studying the hydrogenation of 
carbon dioxide uses a 3.125 mm (1/8") or 4 mm porous alumina 
ceramic rod (Picture A2-4) covered with catalyst, reminding of the 
monolith-type reactor employed by Callaghan et al. [84]. The rod is 
inserted in the same tubular reactor of the packed bed case and 
held in place with a quarts wool wad at the top end of the reactor, 
(Figure 4.6.1) leaving an annular space (1.52 - 1.96 mm wide) for 
the fluid flow. This unit can be denominated either coated-rod 
reactor, annular or monolith reactor. 
The thermocouple tip cannot be positioned at the middle of the 
active zone because it would disturb the fluid flow; positioning it at 
the top of this zone is a satisfactory compromise. 
The catalyst used for the coating is YAD 746974 ground and 
sieved to 38 -75 1.im mixed 2:1 by weight with 5 pm zirconia powder 
acting as binder. 
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C 
Fig. 4.6.1 - Left: Coated rod. A, coated/active zone. 
Right: detail of rod collocation in the reactor. Right: B, thermocouple; 
C, inner reactor wall. Drawings to scale. 
The rod is coated by forming a paste of the solids in acetone 
and brush-painting it onto the rod. Alternatively, the rod was wash-
coated with aqueous slurry of pure YAD 746974. In both cases, the 
whole rod is then calcined in air at 500 °C for 1.5h. Use of binder 
improves the mechanical properties of the coating. 
Reduction prior to experimental runs is performed as 
described in Section 4.5. 
As done for the packed bed case, we define the reactor 
geometry. In this case, the reactor cross-section (cm2) is the area of 
the annular space between rod and tube wall: 
Sr =40(D — d ) (4.6.1) 
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where D is the tube inner diameter and d the rod diameter, both in 
millimetres. The reactor volume (cm3) becomes: 
Vr = S,--(hb /10) 	 (4.6.2) 
and 
GHSV = 60•v / Vr 	 (4.6.3) 
ui, = 1) / Sr- P 	 (4.6.4) 
PGHSV = 60•v / Vr 1) 	 (4.6.5) 
4.7 Equilibrium curves 
Vanden Bussche and Froment [98] give the temperature-
dependant, partial-pressure equilibrium constant for CO2  
hydrogenation to methanol according to Equation 2.6.1 
Kpi  = 10(3066/T- 10.592) 	 (4.7.1) 
and for RWGS reaction 
Kp2 = 1 0( -2073IT + 2.029) 
	
(4.7.2) 
with temperature in Kelvin. While the equilibrium position of RWGS 
reaction is not influenced by pressure, the equilibrium of methanol 
synthesis is inversely proportional to the square of total pressure 
[99]. From these equations, equilibrium concentrations are plotted 
in Figure 4.7.1 and 4.7.2. 
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Chapter 5: Packed-bed Reactor 
A reactor loaded with the Cu/ZnO/A1203 YAD746479 catalyst 
is used to study the effect of supercritical conditions and high 
pressure on the hydrogenation of carbon dioxide through water-gas 
shift and methanol synthesis reactions. Reactor temperature is set 
at 225 °C, a typical value for low-temperature shift reaction and 
methanol production. Feed composition is chosen to obtain critical 
pressure in a range that permits to examine both subcritical and 
supercritical regimes; also near-stoichometric feeds are used for 
comparison. Feed flow is chosen accordingly to the reactor size and 
instrumental limitations, in particular the full-scale of the MFC. 
Activity of a novel ZnO/A1203 shift catalyst was also measured. 
5.1 H2-lean feed 
These experiments use hydrogen mole fraction between 0.1 
and 0.3 at feed flow around 300 and 600 NmL/min at 7.5 MPa 
reactor pressure. Flow composition is initially set volumetrically at 
the 7.5 MPa starting pressure - e.g. 270 mL/min of CO2 plus 30 
mL/min of H2 - then measured accurately with the GC and the flows 
adjusted accordingly. The MFC response at low flow is not 
completely linear, and ambient temperature does affect carbon 
dioxide flow despite the presence of a cooling system in the pump. 
Empirically, hydrogen setting has to be 21 - 25% of full scale and 
CO2 0.5 - 1 mL/ min to have 10% of hydrogen in the feed. 
Once feed flow and composition are set, temperature of the pre-
heater and furnace is raised gradually to reach 225 °C in the 
catalyst bed. Pre-heater temperature is 210 - 215 °C and furnace 
temperature 250 - 260 °C. The post-reactor line is set at 100 °C and 
a proper gas flow (20 - 30 mL/min) is routed to the GC; after an 
equilibration time necessary to purge nitrogen from the system and 
reach uniform composition in the outflow line, it is possible to begin 
77 
with effluent analysis. Each measurement is repeated three times 
and the results mediated. No activity was detected loading the 
reactor with SiC only. 
5.1.1 Results 
The experimental conditions for this set of runs are 
summarized in Table 5.1.1. 
Table 5.1.1 - Hydrogen-lean feed runs 
Run 
Temperature, 
°C 
Feed flow a, 
NmL/ min 
Composition, 
%H2 
Pc, MPa 
(Eq. 4.2.1) 
1A 225 280 10.0 11.0 
1B 225 550 30.5 25.0 
2A 225 320 16.6 14.3 
a Measured at 7.5 MPa 
Carbon dioxide conversion and the rates of CO and methanol 
production are reported in Figure 5.1.1, 2 and 3. All conversions are 
so low (<1.6%) that the reactor can be considered as working in 
differential regime; the critical point of the effluent can also be 
considered the same of the feed. 
CO2 conversion (Fig. 5.1.1) for 1A appears roughly constant 
with pressure, except for a spike at 13 MPa; 2A instead shows a 
similar trend although with generally lower values, and a minimum 
at 12 MPa; conversion is higher than in the two other cases at 7.5 
MPa in 2A, but then it falls roughly in line with 1A and grows again 
to 14 MPa. The datum at 7.5 MPa for 2A is probably an outlier due 
to nitrogen interference with CO. 
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While the CO production rate (Fig. 5.1.2) follows similar trends 
to CO2 conversion, there are important differences. The most evident 
is that the rate is generally higher for 1B than 1A. 2A exhibits 
generally higher rate than both. 
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1B has the highest methanol production rate (Fig. 5.1.3); its 
fall to zero between 11 and 13 MPa is probably a spurious effect. 
Methanol rate is intermediate for 1A with a minimum at 10 MPa, 
and definitely low but constant for 2A. 
Pressure exerts only a moderate influence on CO2 conversion 
and reaction rates, even in 2A: in this case, conversion and CO 
increase slightly but monotonically with pressure from 9 to 14 MPa. 
For 1A, the average methanol formation rate below 11 MPa (critical 
pressure) is 0.78 mmol h-1 g-1 and 1.15 mmol h-1 g-1 above. 
Conversion is expected to increase with the longer residence 
times associated to higher pressure in reaction-limiting conditions; 
higher pressure is also expected to give higher reaction rates, but 
this does not seem to occur operating in a dense CO2 phase. 
Evidence gathered with the studies presented here indicates 
that total pressure exerts a moderate but probably non-linear 
influence. In other works [100], higher CO2 partial pressure has 
been observed to reduce the activity of copper-based methanol 
synthesis catalysts. 
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From the data reported above, it also appears that CO 
production rate is increasing with flow. This is, together with rate 
largely unaffected by pressure, an indication of mass-transfer 
limitation; however, it is difficult to decouple this effect from the 
hydrogen concentration influence 
Methanol production rate increases from 1A to 1B, but 2A 
constitutes an anomaly in that methanol rate is low even with a 
higher global conversion. 1A and 1B were performed with aged 
catalysts, while a fresh load was used for 2A: catalyst deactivation 
with aging is to be expected, but there is no simple explanation for 
the apparently increased selectivity to methanol (Table. 5.1.2). 
Table 5.1.2 - Selectivity to methanol 
P 	S, Run la S, Run 2 
9 0.009 
10 	0.171 
11 	0.041 
12 	0.082 	0.024 
13 	0.057 
13.6 	0.143 
14 0.029 
14.6 	0.161 
Average of 1A and 113 
It is known that CO and H2 compete with CO2 for adsorption 
on the active sites of the catalyst: at the very high CO2 partial 
pressures used here, the catalyst surface will be totally covered by 
carbon dioxide. The rate of hydrogenation reactions will then 
assume the form 
rt = fi[p(H2)] 	 (5.1.1) 
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becoming a function of hydrogen partial pressure in a regime 
denominated saturation kinetics. Thus, correlation coefficients (R2) 
have been calculated for different data series using cubic functions 
of p(H2) (Table 5.1.3). 
Table 5.1.3 - Correlation coefficients for p(H2)-n 
Data set 	CO 	Methanol 
1A+1B 0.376 0.080 
1A+2A 
	
0.764 	0.233 
1A+ 1B+2A 
	
0.403 0.036 
There is no strong correlation between CO rates and p(H2), and 
nearly no correlation at all between methanol rates and the partial 
pressure of hydrogen. These calculations, anyway, are more 
exercises in curve fitting rather than an attempt to elucidate 
reaction mechanisms. 
Recalling the definition of effective rate constant [101] for a 
catalytic reaction 
k 
keff - 	
k 
1 	r 
(5.1.2) 
k„  A 
we can conclude that rate constant (kr) and mass transfer coefficient 
(kmA) are of the same magnitude and thus none of these limits 
reaction rate alone. 
It is also known [69, 102] that the rate of methanol formation 
is related to the number of reduced catalytic sites, which in turn is 
controlled by CO2 to CO ratio. In experiments with CO-containing 
feed, this ratio is mainly determined by feed composition; in our 
case, instead, CO2:CO ratio is determined by the RWGS reaction 
occurring simultaneously. Nevertheless, due to the differential 
operation of the reactor, this ratio is necessarily high and 
consequently surface oxygen coverage (the number of oxidised sites) 
will be close to saturation (1/2 monolayer). 
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The study of this system is further complicated by the fact 
that pressure has a sensible influence also on density, viscosity and 
diffusivity of the fluid phase. The expression used to estimate the 
mass transfer coefficient of a species A towards a solid sphere 
immersed in a fluid flow of A+B is [103]: 
P mf D AB  
krnA 	 [2+0.6Re12 Scul l 	 (5.1.3) 
where pm f is the molar density of the fluid phase, DAB the diffusivity 
of A in B, d the particle diameter; Re is the Reynolds number 
Re - 
dv p j 
(5.1.4a) 
fi 
with v the flow velocity; Sc is the Schmidt number defined as 
Sc - 
D In  
(5.1.4b) 
where v is the kinematic viscosity. It is clear that a mass transfer 
coefficient is a complex function of the physical and transport 
properties of the fluid phase. Reynolds numbers will increase with 
pressure at the same linear velocity, while diffusivity will decrease; 
however, in this reactor system higher pressure also produces lower 
linear velocities 
The required properties of pure carbon dioxide can be 
calculated with high accuracy using the SW EOS; however there is 
no comparable equation of state for the H2-0O2 system: its physical 
properties have to be calculated as linear combinations of properties 
of pure components, a not very accurate method because it 
disregards binary interactions. Diffusivity of hydrogen in carbon 
dioxide at high pressure has not been measured experimentally, and 
there are no accurate relations available to estimate binary 
diffusivities in these conditions. 
5.2 Synthesis of heavier oxygenates 
After Run 1 described above, the reactor was allowed to cool 
and depressurised under the same feed flow. The catalyst extracted 
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from the tubular reactor and the end of this procedure was not dry 
and free-flowing, but covered with a small amount of liquid material 
(Picture A2-3), that was found to be soluble in water and acetone, 
but insoluble in hexane. 
The aqueous solution obtained treating the catalyst with 
analytical-grade deionised water was then analysed using a gas 
chromatograph (Shimadzu GC-20B) equipped with a capillary 
column and FID detector for analysis of organic compounds. Minute 
concentrations of three analytes were detected; through comparison 
with a purposely prepared standard, these substances were 
identified as methyl acetate, methanol and acetic acid (in retention 
time order). 
5.2.1 Heavier oxygenates runs 
In order to further investigate the formation of these heavier 
products, the trap assembly (Section 4.1) was installed before the 
backpressure regulator in order to collect reaction products over a 
period of several hours. Experimental conditions for these runs are 
collected in Table 5.2.1; bed temperature was 225 °C in all cases 
and the catalyst was initially reduced as described above. 
During the runs, the effluent composition was measured at 
intervals using the GC connected to the rig; only hydrogen, carbon 
monoxide and carbon dioxide were detected. These results are 
presented in Figure 5.2.1. 
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Table 5.2.1 - Heavier oxygenates experiments 
Run X(H2)a Feed flow b Pressure 
Catalyst 
load 
Time 
online 
H1A 0.1 —250 mL/min 14 MPa 0.512 g 26 h 
H1B 0.1 —250 14 0.512 36 
H1C 0.1 —250 14 0.512 43 
H2 0.1 290 12 1.031c 48 
H3 0.1 290 10 1.031c 48 
a ±10%; b at 7.5 MPa; c diluted 1:1 with SiC 
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oxygenate synthesis 
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Steady state operation is achieved after a few hours online; the 
catalyst does not manifest any appreciable deactivation within these 
timescales. 
At the set sampling time, the trap is isolated from the system 
closing its isolation valve2 and depressurized slowly. Finally, the trap 
is removed from the system, and its liquid contents (3 - 8 mL) 
emptied in a glass vial for storage. The trap assembly is then put 
back inline and repressurized while the catalyst bed is returned to 
225 °C. 
For H1A, the trap was rinsed with an excessive amount of 
distilled water: only traces of organics could be detected in the 
sample and quantitative analysis was impossible. The liquid 
products of H1B were processed more carefully, and the quantitative 
analysis (using an aqueous solution of pentanol prepared by 
weighing as internal standard) returned the concentrations: Methyl 
acetate, 7 ppm; Methanol 8288 ppm; Acetic acid 10 ppm. However, 
these results could not be reproduced with H1C: in this case, only 
methanol and unquantifiable traces of the other products were 
detected. From H1B, 2.665 g of aqueous solution were collected; 
using the concentrations and online time given above, it is possible 
to estimate the production rates at the specified conditions: Methyl 
acetate, 0.0010 g h-1 kg-1; Methanol 1.2 g h-1 kg-1; Acetic acid 0.0014 g 
h-1 kg-1. On a weight basis, selectivity to methyl acetate is 0.08% and 
to acetic acid is 0.12 %. 
The samples (except H2) appeared clear but slightly turbid with 
white particles; within a few hours from collection, an orange-brown 
fine powder precipitated from the solution: this precipitate from H1A 
was filtered, dissolved in nitric acid, diluted appropriately and 
analyzed with ICP-AES. The precipitate contained iron, chromium 
and nickel, consistent with the corrosion of stainless steel. 
2 With this valve closed, also the reactant feed is interrupted; furnace and pre-heater are set at a 
lower temperature than for normal operation to avoid overheating. 
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Run H2 produced 1260 ppm Me0H and 4 ppm acetic acid (no 
ester detected); H3 10 137 ppm methanol and no other product. 
Pressure appears to have important influence on the formation of 
these heavier oxygenate products: the mechanism probably involves 
carbonylation of methanol to acetic acid through CO insertion in the 
carbon-oxygen bond of surface methoxy groups; the acid 
subsequently reacts with free methanol (in gas phase, or possibly 
with the assistance of an acid site in the alumina matrix) producing 
the ester with the reaction: 
CH3OH + CH3COOH CH3COOCH3 + H2O 	(5.2.1) 
which has Keq 1 at 225 °C, only slightly decreasing with pressure. 
Aliphatic acids are known by-products of the synthesis of methanol 
and higher alcohols in particular from carbon monoxide and 
hydrogen at high pressure; Natta [104] proposed a mechanism for 
the case of alkali-promoted ZnO at 400 - 450 °C: reaction of metal 
alkoxydes with CO. In the absence of basic promoters, a Fischer-
Tropsch mechanism [ibid.] is another likely candidate for the 
formation of acetic acid. 
Chinchen et al. [69] instead report a different mechanism: 
formation of esters through hydrogenation of a surface methoxy and 
an alkoxy species, originating an equilibrium between ester and 
hydrogen on one side and alcohols on the other. According to this 
mechanism, the low hydrogen partial pressure in our experiments 
should enhance ester formation. However, we were unable to detect 
any ethanol. 
We did not investigate the effects of temperature and flow rate 
but we observed heavier products only in conditions of low feed flow 
and high pressure and consequently of long residence times; slow 
kinetics for the formation of heavier products have been reported in 
the works cited. 
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5.3 Ha-rich feed 
More experimental runs have been performed using a pre-
mixed feed containing 47.4% H2 (BOC, certified) with a critical 
pressure of 49 MPa; condensation of CO2 in the cylinder when 
carbon dioxide partial pressure exceeds its vapour pressure limits 
filling to 12 MPa. During these experiments the performance of the 
catalyst FA-05 (Section 3.7) has been compared to that of 
YAD746974. Experimental conditions are again summarized in 
Table 5.3.1: 
Table 5.3.1 - Experiments with H2-rich feed 
Run 
Temperatur 
e, °C 
Feed flow, 
mL/min 
Catalyst 
3A 200 200 YAD 
3B 200 400 YAD 
4A 225 200 YAD 
4B 225 400 YAD 
5A 200 200 FA-05 
5B 200 400 FA-05 
6A 225 200 FA-05 
6B 225 400 FA-05 
7A 250 200 FA-05 
7B 250 400 FA-05 
FA-05 (ZnO on alumina) has bulk density of -0.4 g/mL against 
-1 g/mL of Cu/ZnO/A1203: for this reason, ca. 1 mL of the catalyst 
was diluted with -0.75 mL of SiC to maintain the same bed 
dimensions. YAD catalyst was reduced with the usual procedure, 
while FA-05 did not require prior reduction. 
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5.3.1 Results and discussion 
At 200 °C, the activity of YAD was very low and that of FA-05 
close to zero; those values are thus not reported for brevity. Results 
obtained operating the reactor at 225 °C are presented below. 
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Global conversion and reaction rates (Figures 5.3.1 to 5.3.3) 
are roughly constant with pressure for low feed flow (4A) but are 
initially higher (of a factor two) and clearly decreasing at a higher 
feed flow (4B). At 7.5 and 10 MPa, methanol (Figure 5.3.3) 
production rates are coincident for both low and high feed flow. This 
behaviour can be explained, especially for methanol production, with 
mass-transfer limitations being present together with the onset of 
saturation kinetics at some pressure in the interval considered. 
At low flow and Reynolds numbers, effective reaction rates are 
low and coincidentally close to saturation kinetics rates: for this 
reason, increasing pressure does not result in a sensible variation of 
rate. On the other hand, the higher rates associated with high flow 
fall sharply towards the reaction-limited value when threshold 
pressure for saturation kinetics is reached. 
When using FA-05 as catalyst, carbon monoxide was the only 
reaction product. The feed gas cylinder became depleted, hence 
these runs were performed only at 5 and 7.5 MPa. The results of 
these experiments are presented in Figure 5.3.4 and 5.3.5. 
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Reaction rate appear to increase with feed flow and decrease 
with pressure at both temperatures, suggesting a situation similar to 
that observed in the previous case. Conversion decreases with feed 
flow, in accord with shorter residence times. However, the number of 
data points is not sufficient to reach a certain conclusion. What our 
results demonstrate is that ZnO supported on alumina is a water-
gas shift catalyst with low activity: on average, 0.52 mmol/h•g at 225 
°C against 8.80 mmol/h-g obtained with the commercial catalyst - a 
difference of roughly one order of magnitude. 
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5.4 Concluding remarks 
Hydrogenation of carbon dioxide in a packed-bed reactor on 
commercial water-gas shift catalyst was investigated at subcritical 
and supercritical conditions. Hydrogenation/reduction products are 
CO and methanol; with 10 - 30% hydrogen in the feed, reaction 
kinetics become a function of hydrogen partial pressure (saturation 
kinetic); effective reaction rate is controlled by both mass transfer 
and surface rate. Transition to supercritical conditions does not 
produce any relevant effect. At pressures above 12 MPa and low feed 
flow, tiny amounts of acetic acid and methyl acetate are formed 
along methanol and CO. 
Using a feed with 47% H2, the onset of saturation kinetics 
occurs within the pressure range examined; outside of this regime 
reaction rate is prominently mass-transfer limited. Zinc oxide 
supported on silica gel has a shift activity one order of magnitude 
smaller than the copper-based catalyst when used with a hydrogen-
rich feed. 
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Chapter 6: Annular Reactor Studies 
The packed-bed reactor used initially manifested its limits 
with its relatively poor mass-transfer regime, resulting in CO2 
hydrogenation occurring at an intermediate regime where measuring 
reaction rates is not possible. Another, novel, design was thus 
adopted, employing the same catalyst and temperature, pressure 
and flowrate conditions as the previous case. 
6.1 Reactor features 
A monolith reactor - as a catalyst-coated rod described in 
Section 4.6 - was employed attempting to overcome the mass-
transfer limitations of the packed bed reactor and measure actual 
superficial reaction rates. This system is analogous to the well-
known fluid flow in an annular section [103]; linear velocity of the 
fluid can be controlled varying rod diameter beside feed flow. In this 
system, where the outer tube has diameter D and the inner rod d, 
the Reynolds number is defined as 
D(1 -  ic)u L p 
Re - 	 
P 
(6.1.1) 
where ic = dID and /41  is the linear velocity of the flow (taken as 
equivalent to the mean velocity); transition to turbulent flow occurs 
in the vicinity of Re = 2000. In the conditions considered here, Re is 
considerably higher than for the packed bed case and often in the 
turbulent flow range. Eq. 5.1.3 remains valid and the Schmidt 
number does not change with system geometry. Thus, mass transfer 
coefficients are expected to be sensibly bigger for the monolith 
reactor. 
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6.2 Hydrogen-lean feed 
Experimental conditions for these tests are summarized in 
Table 6.2.1. Feed flow and composition were adjusted as described 
in Section 5, and subject to the same limitations. The best 
positioning of the thermocouple was achieved through trial-and-
error, so only an estimate of the active zone temperature is available 
for R1A and R1B. 
Table 6.2.1 - Experiments with H2-lean feed 
Temperaturea, Feed, Composition, PGHSV, 
Pc, MPa 
Run (Eq. 
°C mL/minb %H2 h-1  
4.2.1) 
R1A 240-245 300 10.2 82-154 11.1 
R1B 240-245 600 21.6 165-308 17.5 
R2A 225 290 10 94-176 11 
R2B 225 620 10 202-377 11 
a Inadequate thermocouple positioning; estimated values 
b Measured at 7.5 MPa 
The rod used for R1 was coated on its 50 mm long active zone with 
0.021 g of YAD746479 catalyst mixed 2:1 with fine zirconia powder; 
the one used in R2 was instead coated with 0.031 g of pure YAD 
(Section 4.6). 
6.2.1 Results and discussion 
Global CO2 conversion for runs R1 and R2 is shown in Figure 
6.2.1, while production rates of carbon monoxide are in Figure 6.2.2. 
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Conversion is highest for R1A (0.4%); all other runs present 
conversion between 0.05% and 0.2%, confirming that the reactor 
works in differential regime. It is possible that the outlying results of 
R1A are a consequence of higher temperature in the active zone 
during the run, but also of a systematic error introduced 
accidentally by improper conditions in the GC analysis. 
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CO production rate (Figure 6.2.2) appears nearly identical for 
R1A and R2A, with the usual small pressure effect and a shallow 
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with the exception of the peak at 12 MPa in the former; also these 
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Fig. 6.2.3 - Methanol production rate 
Methanol could be detected and measured in R1A (Figure 
6.2.3); r in this case is very high, 60 - 110 mmol h-1 g-1, probably 
due to the analytical issues described in relation to carbon 
conversion. Interestingly, this value is roughly half of the differential 
conversion limit of 220 mmol h-1 g-1 reported by Sahibzada [105], 
but using ICI 51-2 catalyst at 250 °C and different feed conditions. 
Also, average methanol formation rate above the critical point of the 
feed mixture is 1.15 times higher than below. 
In these experimental conditions, the formation of carbon 
monoxide is clearly decreasing with feed flow (Figure 6.2.2): this is 
the behaviour of a process limited by its reaction rate, or at least by 
particle performance (as distinct from external mass transfer), that 
is the combination of reaction rate and pore diffusion rate. The slight 
rate increase at high pressure can be due to pressure effects on 
reaction kinetics. 
Confronting R1A and R2B, it appears that feed flow effect 
dominates hydrogen concentration influence on CO rate. Methanol 
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was detected only in R1A. There is no important difference between 
the use of 1/8" and 4 mm rod; the latter only produces a slightly 
more accentuated flow rate effect. 
It is not clear why methanol was produced only with R1A; it 
can be a consequence of different reactor temperature, or 
modifications of the catalyst structure. However, it is possible that 
analysis conditions produced an apparent higher concentration of 
methanol, because during other runs this product was sometimes 
detected in unquantifiable traces. 
Some catalytic activity was observed even without prior 
reduction of the deposited catalyst: the small amounts of CO formed 
initially through the RWGS reaction are enough to reduce the 
oxidised sites of the catalyst, until an equilibrium is reached. 
6.3 Hydrogen-rich feed 
More experiments were performed using a pre-mixed gas feed 
(BOC Gases) containing 51.7% hydrogen in carbon dioxide; 
maximum pressure achievable with this feed is again -11 MPa; 
conditions are summarized in Table 6.3.1. 
Table 6.3.1 - Experiments with hydrogen-rich feed 
Run 
Temperaturea, 
°C 
Feed flow, 
mL/min 
R3A 225 200 
R3B 225 300 
R3C 225 400 
R4A 235 200 
R4B 235 300 
R4C 235 400 
a Estimated as in Section 6.2. 
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The same 1/8" rod of Run R1 was used here after a second 
reduction process (only minimal detachment of the catalytic coating 
was observed extracting the rod at the end of the experiments). 
6.3.1 Results and discussion 
Carbon conversion for R3 remains within 0.2% (Figure 6.3.1) 
and it increases at 7.5 MPa from R3A to R3B, to decrease with R3C; 
at 10 MPa instead it is R3A>R3B>R3C. Conversion also appears to 
have an inverse correlation with pressure except for R3C. 
Fig. 6.3.1 
CO production rate (Figure 6.3.2) follows a close trend: for 
R3A and R3B rates decrease with pressure, but increase from zero 
(no CO detected) for R3C; at 10 MPa all rates are in the vicinity of 5 
mmol h-1 g-1. The out-of-trend datum at 7.5 MPa is caused by 
nitrogen interference during GC analysis of effluent gas. 
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The behaviour of methanol production rate is more 
straightforward: it consistently decreases from R3A to R3B and falls 
to undetectable at the highest feed flow (R3C, not shown in the plot) 
while at the same time increasing with pressure. 
All these observations are consistent with: 
(a) The water-gas shift reaction is the fastest and high mass transfer 
rates are needed to achieve reaction control. Increasing pressure 
appears to cause the onset of saturation kinetics as observed in 
Section 5.3 and thus the rate diminution manifested by R3A and 
R3B. At the highest feed flow, CO production is reaction-limited and 
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its rate is r(CO) = fi[p(H2)]; it appears that below a certain partial 
pressure of hydrogen and a certain residence time the amount of CO 
produced is not sufficient to be measured with our instrumentation. 
(b) Methanol synthesis is a slower reaction that occurs on different 
sites from RWGS reaction 1691; it is reaction-limited already at 
relatively low mass transfer rates and its threshold pressure for 
saturation kinetics is different from the previous case. In the 
reaction-limited regime, the situation is again r(MeOH) = f2[p(H2)]. 
This behaviour becomes even clearer introducing the quantity 
GSV (gas space velocity), defined as the volumetric flow of reactants 
(at 25 °C and 0.1 MPa) per gram of catalyst per minute, L min-1 g-1, 
and plotting reaction rates against GSV (Figure 6.3.4 and 6.3.5) 
Fig. 6.3.4 - CO production as a function of gas space velocity 
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Fig. 6.3.5 - Methanol production as a function of gas space velocity 
Runs of the series R4 were performed at 7.5 and 10 MPa only 
at higher temperature; regrettably, CO concentration data are 
rendered unusable by severe nitrogen interference. Nevertheless, 
CO2 and methanol peaks remained unaffected and calculated 
• methanol rates are presented in Figure 6.3.6. 
Fig. 6.3.6 - Me0H production at -235 °C 
In this case, rate trend is the opposite of what observed above: 
methanol rate increases markedly with feed flow and decreases 
slightly with total pressure. 
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This is a consequence of the higher reaction temperature: 
reaction rate increases with temperature, therefore the process goes 
back into mass transfer-limited regime. In these conditions, surface 
coverage by CO2 can also be lower and consequently give a different 
rate relation than saturation kinetics. 
6.4 Concluding remarks 
The monolith reactor design consents the achievement of 
higher Reynolds numbers and thus faster mass transfer around the 
catalyst. With this arrangement, the rate of carbon monoxide 
production decreases with flow rate at all feed compositions and 
methanol production rate is possibly approaching the differential 
conversion limit. However, it appears that saturation kinetics is still 
the dominant mechanism except for high hydrogen concentration 
and low pressures. No methanol was detected with a hydrogen-rich 
reactor feed; no higher oxygenates were detected either. 
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Chapter 7: Conclusions and Further Work 
7.1 Adsorption studies 
7.1.1 Isotherms 
Adsorption isotherms of carbon dioxide on various novel - 
except SiG60 - materials have been measured (Chapter 3) obtaining 
the results in Table 7.1.1. 
Material 
Surface 
Area, m2/g 
Temperature, 
K 
Maximum 
nexc, mol/g 
Pressure of 
maximum, 
MPa 
SiG60 508 320 0.005 8.5 
EP1O-S 287 
351 0.004 5.5 
371 0.0035 6.0a 
F-05 263 
350 0.0065 6.0 
370 0.001 3.5 
F-50 133 350, 370 
Instrumental 
malfunction 
N.A. 
ALU-1 245 350 0.0015 5.5 
FA-05 208 350 0.003 5.3 
YAD746974 85 350 
0.0003 
(high 
uncertainty) 
N.A. 
5% Cu on 
EP10-8 
250 350 
Insufficient 
adsorbent 
amount 
N.A. 
Adsorbed amount increases with surface area of the adsorbent 
and with the presence of supported zinc oxide (F-05 vs. EP1O-S; FA-
05 vs. ALU-1); the pressure at which monolayer coverage is exceeded 
varies with temperature for each material. At low surface areas the 
adsorbed amount is too small to be measured with any significance. 
5% Cu on EP1O-S was kindly donated by a researcher in another 
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university, so it became impossible to obtain more to repeat the 
experiment. 
Proposed further work: It appears worth to investigate the effect 
of varying ZnO load of silica and alumina on the adsorbed amount 
and the influence of temperature on surface coverage. Adsorption 
isotherms on other materials altogether can be measured as well. 
7.1.2 Instrumental issues 
Performance of manometric adsorption measurements at high 
pressure is inherently limited by the fact that much more adsorbed 
is in the fluid phase rather than on the adsorbent surface. A 
sensible improvement can only come from switching to an entirely 
different method, such as a gravimetric one with the use of a 
magnetic suspension microbalance. Operative pressure range of our 
system is limited by having the pressure transducer at room 
temperature: when CO2 pressure in the system is higher than its 
vapour pressure at room temperature, condensation occurs in the 
transducer cavity. 
Proposed modifications: Adding a heating system to keep the 
transducer above carbon dioxide critical temperature (i.e. 40 °C) 
would eliminate the condensation problem and also reduce the drift 
of transducer signal with temperature. 
7.2 Reaction studies 
Key findings and conclusions: 
• Reaction rates for methanol synthesis measured in 
supercritical conditions are 1.15 - 1.5 times those 
measured at subcritical conditions3. Sahibzada [105] 
found that product water causes a factor 10 decrease in 
activity for Cu/ZnO/A1203 catalysts; thus supercritical 
carbon dioxide appears unable to dehydrate the catalyst 
3 For feed composition in the vicinity of 10 mol% hydrogen; respectively with a coated rod and 
packed bed reactors. 
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surface, or if dehydration occurs other mechanisms 
prevent rate from increasing. One such mechanism is 
oxidation of surface copper due to carbon dioxide. If 
methanol synthesis inhibition is caused by an excessive 
number of sites oxidised by water action, it is unlikely 
that carbon dioxide-induced dehydration can fully 
restore reaction rate to its uninhibited value. 
• As observed by other research groups and reported by 
Liu et al. [68], the effect of space velocity on methanol 
formation rate changes with feed composition. 
• CO2 surface coverage (or, the ratio of oxidised sites) is 
one of the main factors controlling reaction rates for H2 
concentrations in the feed <30%. Above that, its 
influence is reduced. 
• The coated-rod reactor configuration consents to achieve 
higher mass transfer coefficients than the conventional 
packed bed, and thus to elegantly overcome mass 
transfer limitations. 
7.2.1 Fluid phase properties 
The H2-0O2 system deviates greatly from ideal behaviour and 
also from the behaviour of pure CO2 starting from hydrogen 
concentrations below 10% molar. While this system has been 
studied and interaction parameters to introduce in a Peng-Robinson 
equation of state are available, some relevant properties of the fluid 
phase are poorly known; density, viscosity and diffusivities above all. 
7.2.2 Reactor rig issues 
Performance of the reactor rig has been satisfactory overall. A 
beneficial modification would be adding a sampling system to 
measure feed composition upstream of the reactor. This can be 
accomplished connecting a suitable flow restrictor (a segment of 
heavy-walled 1/16" tube, or a crimped tube of the same size) and a 
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metering valve to a port in the pipework left unused for this 
eventuality. An additional switching valve would be required to 
switch between feed and effluent injection in the GC. 
In order to operate at high pressure with hydrogen-rich 
mixtures, an air-operated gas compressor is required and the 
problem of phase separation in the feed lines must be considered. 
7.2.3 Hydrogen-lean feeds 
Very little if any research has been done previously on feeds 
containing only low concentrations of hydrogen; most studies 
concentrated on stoichometric feeds as employed in the industrial 
practice. 
Operating with a feed containing .30.5% hydrogen over a 
packed bed of commercial Cu/ZnO/A1203 shift catalyst, carbon 
conversion between 0.5% and 1% was attained at 225 °C for GHSV 
between 20 000 and 40 000 h-1 (25 °C, 0.1 MPa). Main products 
were CO and methanol together with minute amounts of acetic acid 
and methyl acetate for pressure >12 MPa and GHSV around 22 000 
(300 mL/min feed flow). Pressure has only a limited influence on 
conversion and reaction rates; there is no important difference 
between operating at sub- and supercritical conditions either. 
Reaction rates are 6 - 12 mmol h-1 g-1 for carbon monoxide and 
0.25 - 3 mmol h-1 g-1 for methanol. With the conditions specified 
above, both RWGS reaction and methanol synthesis occur in an 
intermediate regime where both external mass transfer and surface 
rate contribute to control the effective reaction rate. Furthermore, 
the catalyst surface is completely covered with adsorbed carbon 
dioxide: reaction rates are lower than for partial CO2 coverage and 
have different p(H2) dependence. 
When a coated rod is used as support for finely-ground catalyst 
at the same conditions of temperature and feed composition, with 
GSV 7.5 - 20 L min-1 g-1 (25 °C, 0.1 MPa), carbon conversion drops 
by one order of magnitude and decreases markedly with feed flow. 
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Compared to the packed bed reactor, reaction rates increase to 15 -
35 mmol h-1 g-1 for carbon monoxide; methanol production rate 
becomes 60 - 110 mmol h-1 g-lt, but this result can be due to a GC 
analysis artefact. However, it is also in line with the findings of other 
researchers as reported by Liu et al. 
CO production in this case is reaction-limited, as its 
diminution at higher feed flow demonstrates. 
7.2.4 Hydrogen-rich feeds 
A packed bed reactor was also employed with a pre-mixed gas 
feed containing -50% hydrogen in CO2. Conditions were the same as 
the H2-lean case, with GHSV 16 000 - 32 100 h-1 and pressure 
limited to 10 MPa. Carbon conversion was 1 - 3.5% and has a more 
complex dependence from space velocity and pressure. Reaction 
rates are initially of the same magnitude as in the hydrogen-lean 
case and remain roughly constant with pressure at low space 
velocity, but decrease sharply at higher space velocity. In this case, 
there is probably an overlap of mass transfer limitations and onset 
of saturation kinetics, that causes a marked decrease of reaction 
rates when a threshold pressure is reached. CO production rate is in 
the same range obtained with hydrogen-lean feeds, while methanol 
production is higher, stabilizing around 0.6 mmol h-1 g1. 
When alumina-supported ZnO (5 mol%) is loaded in the reactor 
at the same conditions, only CO can be detected in the effluent. Rate 
dependence from feed flow and pressure is analogous to what 
observed with the copper-containing catalyst, but in absolute rate is 
roughly one tenth of the previous case. 
The coated rod was also tested with the same 50% hydrogen 
feed at GHSV 7700 - 15400, pressure up to 10 MPa and reactor 
temperature of 225° and 235 °C. 
These rate values were observed with x(H2) = 0.102; V= 300 mL/min @ 7.5 MPa; 
Tb = 240-245 °C and fresh catalyst. 
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At 225 °C, CO production rate decreases with pressure except 
for the highest space velocity, where only at 10 MPa carbon 
monoxide is produced in a measurable quantity; rates appear to 
converge towards 5 mmol h-1 g-1 with increasing pressure. This is 
consistent with the switch to saturation kinetics, and thus reaction-
limiting conditions. 
A similar pattern is followed by methanol production; however 
this reaction has overall slower kinetics and rate increase with 
pressure is already observed at low space velocity. The maximum 
observed rate is close to 5 mmol h-1 g-1. 
At 235 °C, nitrogen interference rendered CO concentration 
data unusable. Methanol concentrations instead remain unaffected, 
and show an opposite trend to what observed at lower temperature: 
increase with feed flow and decrease with pressure. There are two 
different explanations for this behaviour: higher temperature 
increases reaction rate into the mass transfer-limited regime; also 
carbon dioxide coverage can be reduced resulting in a different rate 
expression. These two effects are not mutually exclusive, but can 
occur at the same time. 
7.2.5 Synthesis of heavier oxygenates 
When a packed-bed reactor is run at 225 °C, above 12 MPa 
and with ca. 300 mL/min of a feed containing -10 mol% hydrogen, 
small amounts of higher oxygenates can be collected passing the 
reactor effluent through a condensing trap for several hours. Heavier 
products detected and measured are acetic acid and methyl acetate: 
the former is probably produced by carbonylation of surface 
methoxy groups by CO resulting from the RWGS reaction, while the 
second is simply formed by esterification of the acid, either in fluid 
phase or on the catalyst. Acetic acid and methyl acetate have been 
reported as by-products of methanol synthesis from H2/CO/CO2 [69] 
and higher alcohol synthesis from H2/CO [104], but never previously 
from CO2/H2 only. Production of these oxygenates is low, in the 
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order of milligrams per kilogram of catalyst per hour; for comparison 
methanol production rate is around 1.2 g h-1 kg-1, or three orders of 
magnitude bigger. 
7.3 Proposals for further work on CO2 hydrogenation 
7.3.1 Fluid properties 
Experimental measurement of density and viscosity for the H2-
CO2 system in a range of temperature and pressure would provide 
useful data for the estimation of mass-transfer coefficients; 
measuring these quantities is not straightforward but it can be 
accomplished, for example with the vibrating-wire devices developed 
by Professor Martin Trusler of Imperial College London. 
Capacitance cells also constitute a proven method for density 
measurement. Determining diffusivities is definitely problematic, 
and would require the use of specifically built high-pressure cells. 
Mass transfer rates for various catalyst geometries in dense 
and supercritical CO2 can also be estimated studying reactions with 
simple and well-known kinetics, such as alkene isomerisations 
which are first-order reactions. 
7.3.2 Reactions over a packed-bed 
Adsorption of CO2 and coadsorption of this substance with 
hydrogen and reaction products on copper-based catalyst at reaction 
conditions can be studied using an elution method and examining 
breakthrough curves; with this system it should also be possible to 
determine if scCO2 can effectively dehydrate the catalyst surface, 
and if dehydration corresponds to reduced oxygen coverage. 
Production of heavier oxygenates from CO2 and low hydrogen 
concentrations is a process with potential industrial applications in 
the emerging scenarios of carbon dioxide uses. Best reaction 
conditions - temperature and space velocity - can be determined, 
and the effect of alkaline promoters addition to the catalyst can be 
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investigated; this modification is expected to enhance sensibly the 
yield of higher molecular weight (above C2) products. 
7.3.3 Reactions over a coated rod 
This novel monolith configuration is promising as a possibility 
to elegantly overcome mass transfer limitations for high-pressure 
reactions. Another experimental campaign can be used to develop 
and test a microkinetic model for hydrogenation of carbon dioxide 
for CO-free feeds in supercritical conditions. 
The coating procedure can be optimized to improve uniformity 
and strength of the catalytic material layer. Using a slurry produced 
by grinding or ball-milling catalyst and binder in a solvent should 
lead to improved coatings; also the most appropriate solvent (water 
or non-aqueous) has to be determined. Active materials can be 
added to a ceramic rod also through impregnation or impregnation-
precipitation techniques, and rods of materials other than alumina 
can be tested. Finally, the development of holders or spacers to 
firmly and reproducibly centre the rod inside the reactor tube would 
be beneficial. 
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Appendix A: Illustrations 
A-1: Adsorption rig 
Picture A 1-1 
Experimental setup for the adsorption system; external chiller 
at the bottom left, while the PC is positioned behind the oven. 
118 
Picture A1-2 
View of the interior of the system: the adsorption vessel AV1 is in the 
centre; PT1 with its cooling coil in the back; the 1/ 16" tube 
connecting to the pressure transducer is visible at the centre-left of 
the image. 
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Picture A1-3 
Axial section of the adsorption vessel; fasteners not represented 
accurately. The holes in the flange and bottom have 1/8" female NPT 
threads. 
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Picture A 1-4 
Closed vessel with tube fittings. 
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Picture A 1-5 
Open vessel (with nitrile rubber 0-ring in the groove 
122 
Picture A1-6 
2 4 
CU 
Drawing of the PTFE gasket: its thickness is slightly higher than the 
groove depth in order to seal securely when compressed. 
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A-2: Reactor rig 
Picture A2-1 
Flow reactor rig. Counterclockwise: bubble meter; mass flow 
controller; relief valve setting handle (valve behind panel); furnace; 
backpressure regulator. 
124 
Picture A2-2 
Apparatus controls. From left to right: Furnace (top) and wire 
heaters controller; MFC satellite and pressure/temperature 
indicators (bottom); supercritical pump. 
125 
Picture A2-3 
Catalyst mixture extracted from the reactor (left) after several hours 
of high pressure CO2 hydrogenation was moist and covered with a 
liquid; fresh mixture is dry and free-flowing (right). 
126 
Picture A2-4 
1/8" alumina rod before coating with catalytic material between the 
markings 
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Appendix B: Parts List 
B-1 Adsorption rig 
Referring to Figure 3.2.1: 
Oven: 
Valve V11: 
Valves V1, V3: 
Valve V2: 
Relief valves RV1, RV2: 
Vessel PT1: 
Vacuum pump: 
Thermocouples: 
TC graphite ferrules: 
Datalogger: 
Software: 
Pressure transducer: 
Indicator: 
Software: 
Personal computer:  
Sanyo-Gallenkamp Hotbox Oven with 
Fan, Size 2 (OHX97) 
Swagelok 43Z or 43X 
Swagelok H83 Series, PEEK seat 
Swagelok 31 Series 
Swagelok R3A, spring E (205 bar max) 
Swagelok 316L-50DF4-150 
Edwards E2M5 
TC Inc, Type T, 1 mm OD 
Chromtech Australia 
Pico Technology TC-08 USB 
PicoLog (bundled with datalogger) 
RDP Super TJE, 3000 psi 
RDP E725 
RDP Excel logger 
Standard P4 desktop; Windows XP. 
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B-2 Reactor Rig 
Referring to Figure 4.1.1 and Picture A2-2: 
Gas supply panel: 
Supercritical CO2 pump: 
Backpressure regulator: 
Furnace: 
H2 on-off valve: 
CO2 on-off valve: 
Poppet check valve: 
Field-setting relief valve: 
Mass-flow controller: 
MFC satellite: 
Pressure transducers: 
Pressure indicators: 
10-point temperature indicator:  
Tescom Europe 
JASCO Corp. 
PU- 1580-0O2 
GO Regulators 
Elite Thermal Systems 
Autoclave Engineers 10V 
Swagelok 4P Series 
Swagelok SS-53S4 
HiP Company 
Brooks 8550 series 
Brooks 
RDP, RS 
RDP E725 
Omega Engineering 
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